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CHAPTER 1 
GENERAL INTRODUCTION 
1. General Introduction 
[η kidney transplantation changes in mean blood flow as well as changes in the 
pulsatile arterial blood velocity pattern have been shown to be early signs oi 
renal transplant rejection. In the past, monitoring of these changes has beer 
performed with nuclear washout techniques or electromagnetic flow meters, 
Both methods are invasive and are not very suitable for serial measurements in 
\ clinical setting of renal transplantation. 
Unidirectional Doppler ultrasound devices provided a non-invasive repeatable 
method for the measurements of hemodynamics in the renal transplant. Ir 
comparative studies the technique showed remarkable correlations with 
previously known methods for measurements of renal blood flow. Bidirectional 
Doppler ultrasound devices enabled still better appraisal of the pulsatile arterial 
slood velocity waveform. Changes in various characteristics of the pulsatile 
slood velocity waveform were shown to reflect changes in the impedance of the 
•enal allograft and/or changes in renal allograft function. A noninvasive, 
•epeatable method of renal blood flow measurements seemed at hand. However, 
leither anatomical verification of the site of Doppler spectrum obtainment noi 
ietermination of the angle between the insonated vessel and the ultrasound beam 
ivere possible. The introduction of echo-Doppler methods made it possible to 
jerform fast and easy Doppler studies in renal allografts, with guidance of the 
Doppler sample volume on the anatomical road map of the B-mode image. Also 
measurements of the angle between ultrasound probe and insonated vessel could 
эе performed, especially in devices with a colour coded Doppler representation 
within the B-mode image. The increased availability of echo-Doppler devices 
made clinical application of this noninvasive assessment of renal hemodynamics 
in human kidney transplants possible. From 1985 onward, many studies were 
published on the subject. However, many different methods of Doppler spectrum 
inalysis were used and the reported results vary widely, with sensitivities and 
specificities between 40 and 100%. Most authors agree, however, that echo-
Doppler examinations of renal transplants provide a fast and easily repeatable 
method for assessment of renal dysfunction. 
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AIM OF THE STUDY 
The aim of this study was to evaluate the capacity of an 
automated quantitative analysis of Doppler spectra to 
quantify alterations in renal allograft hemodynamics 
during dysfunction of the allograft and to evaluate the 
possibility to differentiate between several causes of renal 
allograft dysfunction using Doppler spectrum analysis. 
1.1 Hemodynamics of the kidney transplant 
1.1.1 Hemodynamic changes during rejection 
Prom the early beginning of renal transplantation, rejection has been the major 
;ause of graft failure. The mechanisms of rejection have therefore been the 
¡ubject of many studies. In 1953 Simonsen et al.1 conducted a histological study 
jf rejected kidneys from a canine renal transplantation model. They describe 
progressive vascular changes in the rejected kidney, beginning on the third to 
fourth day after transplantation. In the same year Dempster (1953)2 submitted 
hat rejection was the result of an irreversible vascular spasm secondary to an 
intigen-antibody reaction. Later that year he reported that cortisone therapy to 
he canine recipients could prevent the expected vascular changes and could 
mprove the blood flow in the renal transplant3. In rejected human kidney 
ransplants the glomeruli were reported to be relatively bloodless4. In this series 
)f early rejected transplants no evident histologic changes of the arterial tree 
were found, suggesting that the decreased blood flow during rejection was 
ndeed the result of vasospasm. Hume et al.5 reported intimai thickening and 
nedial changes involving the entire arterial tree in human transplants that were 
ejected between the 38th and 45th day after transplantation. Because hemodyna-
nic changes in the renal transplant appeared to be a prominent feature of 
•ejection, they were the subject of several studies of rejecting transplants in both 
inimal and human renal transplantation. Kountz et al.6 published a study in 1963 
η which a continuous decline in renal venous flow, effective renal blood flow 
ERBF) and glomerular filtration rate was found as the rejection in a canine 
ransplant model progressed. These parameters were measured with the 
lisappearance rate of intravenously administered I131-hippuran and C14-Inulin. 
[n 1965 Kountz et al.7 investigated the potential of this method in detecting 
•ejection in canine recipients on immunosuppressive therapy, in comparison with 
hat of other parameters of renal function. An improved survival was found in 
he group of dogs that received additional high doses of immunosuppressants for 
I to 3 days whenever ERBF decreased. The authors concluded: "It was found 
hat a decline in the estimated ERBF was the earliest indicator of progression 
)f the rejection process in the modified host, and was a reliable guide to the 
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iosage and effectiveness of immunosuppressive drag therapy". Other methods 
af flow measurements to assess the hemodynamic changes during rejection have 
ilso been applied. Electromagnetic flow meters 8,э and nuclear washoul 
:echniques with for example Xe133 , 0 were applied in canine transplantation 
models. In all studies a progressive decrease of renal blood flow with ongoing 
xansplant rejection was found. The study of Henry et al.8 is of special interesl 
because they did not only measure mean blood flow changes in the rejected 
xansplant (and a control autograft), but they also registered the pulsatile pattern 
sf renal artery blood flow. Pulsatile flow patterns changed when mean blood 
Flow decreased during rejection. The pulsatile flow pattern changes in the 
iiomograft during rejection are described as "a peaking of the blood flow pulse 
»ignal during systole and an absolute flattening of the flow signal during 
diastole" (Figure 1.). Acetylcholine injection proved to be able to alter the 
pulsatile flow pattern of the rejecting homograft to a pattern similar to that in 
the autograft kidney for about 10 minutes, suggesting that vasodilation of the 
renal arterioles tended to normalize the pulsatile flow pattern. Henry et al. 
speculate that the pulsatile flow pattern alterations during rejection reflect an 
increase in renal vascular impedance in the renal cortex, which had been shown 
earlier to be the first affected part of the rejected renal transplant11. 
Changes in mean blood flow as well as changes in the pulsatile arterial blood 
velocity pattern are early signs of renal transplant rejection. Monitoring of these 
:hanges has been performed with nuclear washout techniques or electromagnetic 
Flow meters. Both methods are invasive and are not very suitable for repeated 
measurements in a clinical setting of renal transplantation. 
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Figure 1. Pulsatile renal artery blood flow changes, determined with an electromagnetic flowmeter, 
for an autograft and a homograft kidney in a canine transplantation model at daily intervals between 
days 1 and 8. Homograft blood flow partem changes (bottom) occur beginning on day 3. (reprinted 
with permission from Henry et al.') 
1.1.2 Hemodynamic changes in Acute Renal Failure 
Acute Renal Failure (ARF) is a frequent complication after renal transplantation. 
Approximately 30 to 40 % of the grafts do not immediately function after 
transplantation 12p 13, H. This often necessitates the continuation of dialysis, it 
hampers the timely diagnosis of allograft rejection and increases the necessity 
of diagnostic procedures. Acute Tubular Necrosis is the pathologic substrate of 
this immediate non-function of a renal allograft. In retrospective studies several 
risk factors for the occurrence of ARF after renal transplantation have been 
identified. It has been associated with combinations of ischemic (total ischemia 
time, anastomosis time) and immunologic factors (A/B/DR mismatches, 
retransplantation, antibody status)15"18. Hemodynamic alterations during ARF 
have been shown in several studies. In canine allografts a correlation between 
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renal blood flow at one hour after transplantation and immediate renal function 
was demonstrated". Anderson and Etheredge20 measured renal blood flow (RBF) 
during human renal transplantation with an electromagnetic flow meter. Grafts 
developing ARF after the transplantation showed a significantly lower RBF 
during surgery: 17 of 21 (81%) patients with a peroperative RBF <350 ml/min 
had ARF. Klintmalm et al21 found that an intraoperative blood flow of less than 
200 ml/min/100gm of renal tissue necessitated postoperative dialysis in four out 
of five patients. In this study also a significantly lower RBF in grafts with 
ischemia times of more than 24 hours was found. 
1.1.3. Hemodynamic effects of Cyclosporin 
Adequate immunosuppression is the basis of successful renal transplantation. 
The introduction of cyclosporin A (CyA) has improved the results of renal 
transplantation considerably22"24. One of the major drawbacks, however, of CyA 
immunosuppression is the nephrotoxic side effect of the drug23. This nephrotoxi-
city is at least partly mediated by vasoconstrictive actions of CyA. Curtis et al.25 
calculated renal vascular resistance from mean arterial blood pressure and 
Il31orthoiodohippurate-determined effective renal plasma flow. They found a 
significantly higher renal vascular resistance in CyA treated patients than in 
azathioprine treated patients. In animal studies increased renal vascular 
resistance and vasoconstriction of intrarenal arterioles were demonstrated26"28. 
Vasodilatory drugs have therefore been used in attempts to ameliorate these side 
effects of CyA in animal studies 27 and in clinical renal transplantation29,30. 
1.2 Doppler investigations of the renal transplant 
In 1969, in a letter to the editor of Transplantation, Marchioro et al.31 illustrated 
the use of the ultrasonic Doppler flow meter in two cases of human kidney 
transplantation. They used the device to differentiate vascular occlusion from 
other conditions which can lead to immediate graft failure. They called the 
method "simple, effective and immediately available" and the Doppler flow 
meter "inexpensive, portable, and easily applicable to the area of the homograft". 
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In the same year Sampson32 reported his findings in 11 patients after renal 
allotransplantation using an ultrasonic Doppler flow meter. "Flow" was defined 
as the mean value of the output of the Doppler probe in mV. He noted a 
decrease in the calculated Renal Artery flow/Femoral Artery flow (RA/FA) ratio 
in cases of rejection. This fall in Doppler signal was not seen in cases of renal 
dysfunction due to other causes. The RA/FA ratio increased again when 
rejection was treated successfully. It was also noted that even in patients 
recovering from acute tubular necrosis there was a drop in RA/FA ratio in cases 
of rejection. This is the first report indicating the possibility of clinical detection 
of rejection during renal dysfunction with the use of Doppler techniques. In 
1972 Sampson et al.33 reported the results of experiments in canine renal 
allografts in which electromagnetic flow measurements were compared to 
Doppler derived data. These investigators recognized the difficulties of 
expressing the outputs of the Doppler flow meter in absolute flow rates and 
monitored relative changes in mean blood flow. Beside a good correlation in 
each individual dog between the two methods of flow estimation, they found 
that, despite the geometric differences of the Doppler measurements, there was 
a reasonable correlation between electromagnetic and ultrasonic flow measure-
ments in the pooled data of the measurements. One of the problems in a clinical 
setting recognized by the authors is the unknown angle between Doppler probe 
and insonated vessel. 
With technical improvements of the available Doppler devices more studies were 
possible. Arima et al.34 used a bidirectional Doppler technique in renal allografts 
and normal kidneys. This made it possible to measure forward and reversed flow 
separately, which gave much more useful information than was obtained with 
the unidirectional Doppler devices. The authors performed Doppler studies per-
operatively in normal kidneys during donor nephrectomy and after transplantati-
on in 40 allograft recipients. The position of the probe was determined by the 
anatomy as seen during surgery and/or on an angiogram. Subsequently, a search 
was made for a strong signal indicating reflection of the beam from the renal 
artery. The pulsatile waveform of the Doppler spectrum was described by the 
acceleration time and diastolic/systolic frequency shift ratio. The acceleration 
time was defined as the time between the start of the systolic deflection of the 
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Doppler spectrum and the moment that peak velocity was attained. This 
icceleration time was found to correlate well with renal allograft function. It was 
longest in grafts with poor function and with most rejection episodes. Thej 
found no correlation between graft function and diastolic/systolic ratio. The 
ìuthors discuss the cause of the prolongation of the acceleration time on the 
aasis of the histological and angiographic findings in the allografts with pooi 
function. Histologically these grafts showed a greater thickness of the arterial 
wall and more intimai edema. Angiograms showed sparse arborisation as well 
ÍS beading and blocking of the peripheral vascular tree. They concluded thai 
changes in the Doppler flow pattern were secondary to the morphological 
changes of the allografts induced mainly by rejection. In 1982 the same group 
af Japanese investigators reported their findings in acute and chronic rejections 
in 67 patients who underwent renal transplantation with grafts from living 
related donors35. In this study they observed a marked decrease in diastolic flow 
in cases of acute rejection. Diastolic flow disappeared in advanced stages oi 
rejection, whereas reappearance of diastolic flow was found to be indicative oi 
recovery from rejection. The acceleration time of the systolic phase lenghtened 
gradually in chronic rejection. The authors actually used the Doppler flow dats 
to decide which corticosteroid therapy scheme was to be prescribed and whethei 
it should be extended. Their findings are similar to those of Henry et al.8 whc 
bad used an electromagnetic flow meter to show that the pulsatile arterial blood 
velocity waveform lost its forward diastolic flow component during rejection. 
A. comparative study between electromagnetic flow measurements and Dopplei 
flow measurements was published by Norris and Barnes36. They performed 
several animal studies in which a good correlation was found between 
ìlectromagnetic flow measurements and renovascular resistance as determined 
эегорегаи еіу with the Doppler signal derived Resistance Index (RI), as 
described by Planiol and Pourcelot37. These results were obtained in cases of gel 
microsphere embolization of native canine kidneys and in cases of canine 
illografts undergoing rejection. 
Unidirectional Doppler ultrasound studies showed remarkable correlations with 
previously known methods for the assessment of renal blood flow. Bidirectional 
Doppler ultrasound devices enabled easier appraisal of the pulsatile arterial 
blood velocity waveform. Changes in various characteristics of the pulsatile 
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blood velocity waveform were shown to reflect changes in the impedance of the 
renal allograft or in renal function. A noninvasive, repeatable method of renal 
blood flow measurements seemed at hand. However, neither anatomical 
verification of the site of Doppler spectrum obtainment, nor determination of the 
angle between the insonated vessel and the ultrasound beam were possible. 
13 The echo-Doppler concept 
[n 1974 the development of the first echo-Doppler device ("Ultrasonic duplex 
îcho-Doppler scanner") was published38,39 by the same group of researchers from 
the University of Washington that had first reported on the use of the Dopplei 
flow meter in human kidney transplantation31. These echo-Doppler devices 
consisted of an ultrasound probe combining the B-mode imaging technique and 
the pulsed wave Doppler technique. The Doppler sample volume can be located 
within the B-mode image, allowing visual control of the anatomic site of 
Doppler signal obtainment. Later also colour coded Doppler representations 
within the B-mode image became possible so that localization of smaller arteries 
ind accurate determination of the angle between the insonated vessel and the 
Liltrasound beam became possible. 
Soon these devices were also applied in renal transplants40. As had been shown 
;arlier in carotid arteries41 it was demonstrated by Norris et al.42 that quantitative 
differences in spectral content are evident when measuring flow velocity patterns 
within native renal arteries from patient populations with hypertensive 01 
generalised atherosclerotic disease. In another study, published in the same year, 
Norris and Barnes36 had found a correlation between RI and serum creatinine 
levels in a limited number (n=6) of human kidney transplants that were 
ïxamined with an echo-Doppler device. Best correlations were found when serial 
measurements in the same patient, undergoing rejection, were analyzed. 
Berland et al.43 used the echo-Doppler device in an animal model of acute and 
tiyperacute rejection. They obtained Doppler signals of vessels in the sinus and 
medullary regions locating the sample volume in a frozen real time B-mode 
image. To characterize the Doppler signal they used a so-called Pulsed Dopplei 
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[ndex (PDI), calculated by dividing the area under the Doppler curve by the 
peak height of the Doppler signal. In acute and hyperacute rejection the PD1 
value fell on consecutive days, in concordance with the severity of rejection, 
indicating increased vascular resistance "probably due to vascular narrowing as 
EI result of interstitial processes and microthrombosis from intra-vasculai 
rejections". Insufficient reproducibility of PDI measurements and daily 
variations, however, indicated a limitation in detecting mild changes of rejection. 
The authors also suggested that, because baseline PDI values differed from 
transplant to transplant, serial evaluations are probably more valuable тал 
individual readings. Rifkin et al.44 described their experiences with an echo-
Doppler device in the assessment of the hemodynamics in native kidneys and 
renal transplants. Among the 11 recipients of a renal transplant there were foui 
patients with rejection. Three of those showed a decrease of diastolic blood flow 
velocity. The fourth showed normal arterial flow and rather mild signs oí 
rejection on biopsy. 
Echo-Doppler devices make it possible to perform fast and easy Doppler studies 
in renal allografts, with guidance of the Doppler sample volume on the 
anatomical road map of the B-mode image. Also, measurements of the angle 
between ultrasound probe and insonated vessel can be performed, especially ir 
devices with colour coded Doppler representation within the B-mode image. The 
increased availability of echo-Doppler devices enables the use of this noninvasi-
ve assessment of renal hemodynamics for clinical applications in human kidney 
transplantation. 
1.4 Doppler signal analysis 
[n 1842 Christian Doppler (1803-1853) published his paper "On the coloured 
light of the double stars"45. He derived a formula which describes the frequency 
shift obtained when an observer and a wave source move toward or away from 
:ach other. His theory was experimentally confirmed by the acoustical 
experiments on the Dutch railways of Buys Ballot in 1845, although Buys Ballot 
did not believe the principle to be applicable to light46. 
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In medical ultrasound the principle of Doppler was first applied by Satomura 
(1959), a physicist of the Osaka University. His report on the development of 
a noninvasive ultrasonic Doppler flow meter was written in Japanese and had 
a summary in English47. It described that a frequency shift does not only occur 
when a sound source and receiver move toward or away from each other but 
also when an ultrasound wave is reflected by moving blood cells. The summary 
stated: "Because the intensity and the frequency character of this tone is 
proportional to the velocity of the blood flow, it is possible to investigate the 
behavior of the blood flow through this method." The first Doppler units were 
continuous-wave, non-directional devices which presented the Doppler signal 
either as an audible signal or as a simple envelope signal related to the 
instantaneous average frequency. The introduction of directional Doppler devices 
made it possible to distinguish between positive and negative frequency shifts, 
produced respectively by movement towards or away from the receiver. Further 
improvements were possible by using pulsed wave Doppler units, allowing 
selection of distance between receiver and target. In the past, the resulting 
Doppler signal has been interpreted using a variety of methods. Interpretation 
of the Doppler waveform may be regarded as a process of pattern recognition. 
Evans et al.48 describe the process of pattern recognition in three stages: 
transduction, feature extraction and classification. In Doppler studies the 
transduction process usually results in a sonogram, representing the Doppler 
signal content. Most instruments for spectral analysis use the fast Fourier 
Transform method. This method enables fast transduction of the Doppler signal 
content into a sonogram. In these sonograms, time is represented on the 
horizontal axis, Doppler shift frequency along the vertical axis, and spectral 
power by intensity of the gray scale (Figure 2.). 
Feature extraction has also been performed with a variety of methods. Usually 
the waveform is pre-processed. Many features have been proposed to characteri-
ze the waveform. Features may be derived from the frequency domain (Hz) or 
the time domain (s), or consist of a calculation of parameters from these 
domains. Some of the features described in the literature are shown in table 1. 
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i 
Figure 2. Sonogram from a Doppler spectrum after fast Fourier transformation. Time is represented 
on the horizontal axis and the Doppler frequency shift on the vertical axis. Spectral power is 
represented by the intensity of the gray scale (Spectrum analyzer Mediasonics SA8000, Radionics 
Medical, Scarborough, Ontario, Canada). 
Table 1. Overview of single indices for characterization of Doppler waveforms 
Maximum frequency 
Pulsaülity index 
Resistance index 
S/D ratio 
Constant flow ratio 
Systolic decay time index 
Height width index 
Path length index 
Relative flow rate index 
Spectral broadening index 
Fmax 
PI 
RI 
S/D 
CFR 
SDTI 
HWI 
PLI 
RFRI 
SBI 
(Spencer and Reid 1979)49 
(Gosling et al. 1971)50 
(Planiol and Pourcelot 1974)" 
(Stuart et al. 1980)51 
(Thompson et al. 1985)52 
(Thompson et al. 1985)52 
(Johnston et al. 1984)" 
(Johnston et al. 1984)" 
(Thompson et al. 1985)52 
(Bodily et al. 1980)54 
Another approach to waveform characterization is to evaluate a large number of 
features which may assist in the classification process. On the basis of their 
capacity to discriminate between different disease states, a feature or a 
combination of features is selected. A rather complete series of features of the 
Doppler waveform has been described by Fronek et al.55(Figure 3). The 
advantage of such a strategy is that it can highlight features or combinations of 
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features which are unexpectedly good discriminators (Evans et al. 1989) . More 
complex ways of Doppler spectrum analysis are the Laplace Transform 
analysis56 and the Principal component analysis57. 
In the Clinical Vascular Laboratory of the University Hospital Nijmegen, a user 
written-program has been used for more than 10 years to pre-process and 
quantitatively analyse the Doppler waveform. The program calculates a 
maximum frequency waveform from the Doppler spectrum, representing the 
instantaneous maximum frequency shift for every time moment. The algorithm, 
by which the waveform is derived comprises a local convolution of the spectrum 
with a window 5 spectral lines wide and 3 frequency bits high and determination 
of the maximum frequency waveform followed by fast Fourier transform 20 Hz 
low-pass filtering. Subsequently several parameters describing the Doppler 
waveform are calculated. These include the parameters as described by Fronek 
et al.58 as well as the Resistance Index (RI), calculated according to Planiol and 
Pourcelot37, and the Pulsatility index (PI) according to Gosling et al.50. This 
enables the use of stepwise feature selection algorithms (Evans et al. 1989)48 to 
select the most discriminative features for different states of disease. It has 
successfully been applied in the detection of aorto-iliac obstructions, even in the 
presence of distal arterial obstructions59·60. Figure 3 shows a Doppler spectrum 
from a segmental renal artery and the waveform that has been calculated by the 
program as well as several parameters that are derived from the waveform. 
The final stage of pattern recognition is classification of the waveform to one 
of a number of classes. There may be two classes (e.g. normal vs abnormal) or 
several consisting of different degrees or distributions of disease. The classifica-
tion can usually be performed with generally accepted statistical procedures. 
Sensitivity, specificity, and ROC-curves can be used when classification is to be 
done in two classes. When classification should be performed in two or more 
dimensions, as for example in stepwise feature selection, nearest neighbour 
algorithms, multivariate discriminant analysis or the Bayes method can be used. 
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Fmax 
Figure 3. Doppler spectrum stored and analyzed with the user-written computer programme. The 
figure shows the Doppler spectrum after fast Fourier transformation and the calculated maximum 
frequency curve. Several parameters describing the maximum frequency curve are depicted. Fmax 
= maximum systolic frequency shift, Fdia = maximum diastolic frequency shift, Tmax = acceleration 
time of the systolic deflection, Tdown = deceleration time of the systolic deflection, Mean = mean 
frequency shifl during one heart-cycle. Calculations of RI and PI are: RI = (Fmax-FdiaVFmax and 
PI = (Fmax-Fdia)/Mean 
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1.5 Recent clinical studies on echo-DoppIer in renal transplantation 
The availability of echo-Doppler devices resulted in an increasing amount ol 
publications on the applicability of examinations with these machines in renal 
transplantation. Because echo-Doppler devices were widely used in the detection 
and localization of vascular pathology, it was likely that they could also be used 
in the diagnosis of vascular complications of the renal transplant. Several studies 
reported echo-Doppler aided diagnosis of renal allograft perfusion61,62, renal 
allograft artery stenosis63"66, and the detection of arterio-venous fistulae in the 
renal allograft6"8. Because renal allograft dysfunction constitutes a majoi 
diagnostic problem, the non-invasive hemodynamic assessment of the transplanl 
during renal dysfunction using echo-Doppler became the subject of many 
studies. The applicability of echo-Doppler examination was evaluated for the 
detection of rejection episodes (Table 2.), drug toxicity effects79,81, for the 
differentiation between acute tubular necrosis and rejection69,70,80·87,92 and foi 
monitoring the effect of rejection therapy79,83,86,94. 
[n most studies there is agreement on the characteristics of Doppler spectra from 
die renal transplant. Doppler spectra obtained from a normally functioning renal 
xansplant show a waveform characteristic of a low resistance vascular bed with 
ligh systolic and diastolic frequency shifts44. In contrast, Doppler spectra from 
ι high resistance vascular bed show reversal of flow velocity in early diastole 
'Figure 4.). On the more subtle changes in Doppler spectrum characteristics 
within the renal transplant, however, opinions vary. Many authors report a 
•elative increase of the diastolic frequency shift when compared to the systolic 
Frequency shift of the Doppler waveform in more peripheral renal vessels 70,74, 
whereas others report no significant changes in waveform going from the renal 
utery towards the arcuate arteries69. 
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Figure 4. Anatomical overview of the arterial supply of a kidney transplant Doppler spectra obtained 
from a normal renal transplant (low resistance vascular bed (A)) and from the external iliac artery 
(high resistance peripheral vascular bed(B)) are shown. 
-21-
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The analysis of the Doppler waveform characteristics differs considerablj 
between studies. Qualitative classification of the obtained Doppler spectrurr 
waveforms is used in several reports 69·72·75·83, Primary quantifications are 
performed by calculating parameters from the Doppler spectrum that roughlj 
characterize the waveform. In many reports the Resistance Index (RI) 7 1 , 7 4 · 7 6 , 
77.80.86.87
 o r m e
 pulsatJJity fcjdex 7^3,74.79.85,88.91.93 ^
 u s e ( J М ( и е s c a r c e l y r e p o r t e d 
parameters are D/S ratio 7 0 , 7 4, and time to peak systolic frequency34. Some 
authors design new parameters as for example P R 8 9 (Pulsationsflussindex) and 
RIvar (variant Resistive Index)8 1. More extensive quantitation of the Dopplei 
waveform as has been performed in other vascular beds5 8 , 5 9, had not been 
reported in echo-Doppler studies in renal transplantation. This is probably due 
to the fact that most echo-Doppler devices do not allow access to the internal 
spectrum analyzer, limiting the possible ways of quantitation of the Dopplei 
waveform to those available in the software of the machine. 
Die results of the various studies are also hard to compare because of the 
different conditions under which the respective authors perform their studies. 
Because of the different local protocols of treatment after renal transplantation 
some of these differences are of course inevitable. Table 2 provides an overview 
Df articles that have been published on echo-Doppler studies in renal transplanta­
tion. There are considerable differences in the number of patients studied, the 
lumber of examinations performed on each patient, the number of examinations 
performed during renal dysfunction relative to the number of examinations 
performed during stable graft function. In some studies echo-Doppler examinati-
Dns were only performed when there was renal dysfunction, or concomitantly 
with renal allograft biopsy 8 1 , 8 7, whereas others determine a reference value ol 
normal Doppler findings by examining a group of patients with normally 
functioning grafts70,71,91. Still others perform echo-Doppler examination in a more 
prospective way74,86,93. The time periods after transplantation after which the 
examinations are performed also vary considerably. Most studies use the clinical 
course of the patient, along with the results of biopsies, when available, as the 
gold standard for the diagnosis of rejection. As mentioned above, Doppler signal 
analysis and the characterization of the waveform also shows substantial 
variation. It is probably due to these differences in study design that the reported 
sensitivities and specificities of echo-Doppler examinations vary from 40 tc 
100%. 
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Although many authors express the view that the comparison of echo-Doppler 
examination with earlier examinations in the same patient may enhance the 
diagnostic potential of echo-Doppler examination86,87, there are few studies that 
evaluate the use of differences in consecutive echo-Doppler examinations in the 
detection of rejection95. 
1.6 Design of this study 
As outlined in the previous paragraphs, many studies have been performed to 
evaluate the usefulness of echo-Doppler studies in renal transplantation. The 
methods used for the description of the Doppler signal vary widely, and so do 
the reported sensitivities and specificities. There are no studies in which the 
obtained Doppler spectra are described, as proposed by Fronek et al.58, as a 
combination of parameters that characterize the waveform as completely as 
possible. Furthermore, few studies focus on the specific advantage of echo-
Doppler examinations as a non-invasive repeatable technique. Ultrasound 
examinations may be repeated unlimitedly to appraise changes in the renal 
hemodynamics in time, whereas most other diagnostic techniques have 
limitations because of their invasive character or the use of X-rays or radionucli-
de agents. The comparison of an echo-Doppler examination with a baseline 
examination of the same patient may greatly enhance the capabilities of the 
technique to assist in attaining a proper diagnosis of renal allograft dysfunction. 
The most interesting issues are the early detection of rejection episodes, 
especially in the absence of clinical indications of rejection (for example during 
post-transplantation acute renal failure) and the discrimination between different 
causes of renal dysfunction once a dysfunction occurs. 
In this study we set out to evaluate the hemodynamic changes in renal 
transplants during the first three months after transplantation. Echo-Doppler 
examinations were performed on a regular basis. During the early post-
transplantation period, examinations were performed approximately three times 
weekly until discharge. Afterwards, the examinations were done during weekly 
check-up visits at the out-patient clinic until three months after transplantation. 
When readmission to the hospital for diagnosis or treatment of renal dysfunction 
was necessary, the examination frequency was again increased to two to three 
times weekly. Echo-Doppler examinations were not used in clinical decision 
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making. 
A Toshiba SSA-270A colour-coded echo-Doppler scanner was used throughout 
the study. The Doppler audio-signal that was obtained from segmental and 
interlobar arteries was externally recorded on magnetic tape for off-line analysis. 
The recorded Doppler signal was then fed into a spectrum analyzer to be 
digitally stored and analyzed by a user-written program. The program calculates 
a maximum frequency envelope of each Doppler spectrum and produces a set 
of parameters that characterize the waveform. To determine whether hemodyna-
mic changes due to drug effects of CyA and other vaso-active drugs could be 
detected with Doppler spectrum analysis, and if so, which characteristics of the 
Doppler spectral waveform would be most influenced by these agents several 
drug-intervention studies were performed. Firstly, the effect of the start of 
intravenous CyA administration shortly after transplantation was studied. 
Secondly, the immediate effect of a single oral dose of the vasodilator nifedipine 
on renal transplant hemodynamics during CyA immunosuppression was 
evaluated. Finally, also the effect of CyA continuation versus conversion to 
azathioprine immunosuppression three months after transplantation on the 
Doppler spectrum waveform was evaluated. In an attempt to provide a 
theoretical basis for the interpretation of the changes that were found in the 
Doppler spectrum after drug interventions, we also constructed a simulation 
model of renal hemodynamics. We hoped that the model would be a useful 
device in the process of understanding the physiologic changes that were 
reflected in the changes in the Doppler spectrum after drug interventions. 
Finally, we evaluated the results of Doppler spectrum analysis from spectra that 
were obtained in serial examinations in approximately 225 renal transplant 
recipients. A diagnosis of each dysfunction of the renal transplant was 
retrospectively made and the echo-Doppler examination results were allocated 
to different groups according to that diagnosis. The Doppler spectrum 
characteristics during different causes of renal dysfunction were compared to 
determine the possibilities to use Doppler spectrum analysis results in the 
clinical management of renal transplant patients. 
By performing serial examinations in an unselected renal transplant recipient 
population as well as an automated complete description of the obtained Doppler 
spectrum waveforms we expected to accomplish an accurate evaluation of the 
applicability of echo-Doppler examinations in clinical decision making after 
renal transplantation. 
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Alphabetic list of abbreviations 
abbreviation, explanation, (site of first appearance in text) 
ARF = Acute Renal Failure (Ch. 1.1.2) 
Cad = Cadaveric (grafts) (Ch. 1.5, Table 2) 
CFR = Constant Flow Ratio (Ch. 1.4, Table 1) 
CyA = Cyclosporin A (Ch. 1.1.3) 
ERBF = Effective Renal Blood Flow (Ch. 1.1.1) 
Fmax = Maximum systolic frequency shift of a Doppler spectrum waveform 
(Ch. 1.4, Table 1, Fig 3) 
Fdia = Maximum diastolic frequency shift of a Doppler spectrum waveform (Ch. 
1.4, Fig 3) 
HWI = Height Width Index (Ch. 1.4, Table 1) 
LRD = Living Related Donor (grafts) (Ch. 1.5, Table 2) 
Mean = Mean frequency shift of a Doppler spectrum waveform during one 
heart-cycle (Ch. 1.4, Fig 3) 
PDI = Pulsed Doppler Index (Ch. 1.3) 
PFI = PulsationsFlussIndex (Ch. 1.5) 
PI = Pulsatility Index (Ch. 1.4, Fig 3) 
PLI = Path Lenght Index (Ch. 1.4, Table 1) 
RA/FA ratio = Renal Artery/Femoral Artery flow ratio (Ch. 1.2) 
RBF = Renal Blood Flow (Ch. 1.1.1) 
RFRI = Relative Flow Rate Index (Ch. 1.4, Table 1) 
RI = Resistance Index (Ch. 1.4, Fig 3) 
RIvar = variant RI (Ch 1.5) 
ROC = Receiver Operator Characteristics (Ch. 1.4) 
SBI = Spectral Broadening Index (Ch. 1.4, Table 1) 
S/D ratio = Systolic/Diastolic frequency ratio (Ch. 1.4, Table 1) 
SDTI = Systolic Decay Time Index (Ch. 1.4, Table 1) 
Tmax = Acceleration time of the systolic deflection of a Doppler spectrum 
waveform (Ch. 1.4, Fig 3) 
Tdown = Deceleration time of the systolic deflection of a Doppler spectrum 
waveform (Ch. 1.4, Fig 3) 
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CHAPTER 2 
THE ASSESSMENT OF RENAL TRANSPLANT PERFUSION: 
DOPPLER ULTRASONOGRAPHY OR RADIONUCLIDE 
SCANNING? 
J.W.S. Merkus, A.J. Hoitsma, R.A.M.J. Claessens, W.N.J.C. van Asten, R.A.P. 
Koene, S.H. Skotnicki. 
Eur J Ultrasound (in press) 
\bstract 
objective: To compare the ability of Doppler ultrasonography examination to confirm perfusion ol 
t renal allograft during periods of anuria with that of radionuclide examinations. 
Methods: Doppler ultrasonography examinations were performed routinely every second day in cases 
)f anuria. When arterial flow was observed, analysis of the arterial Doppler waveform was performed 
>y calculation of the Resistance Index (RI) and the Pulsatility Index (PI). The clinician was unaware 
)f the Doppler ultrasonography findings. In cases where the anuria had urged the clinician to perform 
ι radionuclide scan, the concomitantly performed Doppler ultrasonography examination was 
»mpared with the radionuclide scan findings. 
Results: In 92 cases concomitant radionuclide scan and Doppler ultrasonography examinations were 
jerformed in 53 patients. In 8 cases the kidney allograft was lost After transplant nephrectomy, 
listologic findings confirmed the diagnosis of thrombosis. Doppler ultrasonography found no 
>erfusion in 3 of these cases and a very high arterial RI (>0.85) and PI (>3.0) in the other 5 cases 
sensitivity 8/8: 100%). High RI (>0.85), however, was also found in 8 other patients with 
x>sttransplantation acute renal failure (specificity 76/84: 90%). High PI (>3.0) was found in 5 
salients with thrombosis and additionally in only 2 other patients who ultimately regained function 
Specificity 82/84: 98%). In cases with low RI (<0.85) (n=76) or low PI (<3.0) (n=82) the 
"adionuclide scan invariably showed perfusion of the allograft (negative predictive value 100 %). 
Conclusions: Low RI and/or PI of intrarenal arteries excludes thrombosis as a cause of anuria. High 
/alues, however, are not only caused by thrombosis and this diagnosis should be confirmed with 
'adionuclide scanning before deciding to remove the transplant. In this series, using the PI (<3.0), 
32 of 92 radionuclide scans would have been avoided without missing any cases of thrombosis. 
Doppler ultrasonography examination can thus be used as the primary method for the assessment ol 
¿ansplant perfusion and prevent excess use of radionuclide contrast agents. 
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introduction 
although thrombosis of the kidney transplant is an uncommon complication 
^Merion and Calne 1973), anuria makes it often necessary to appraise the 
serfusion of the graft. Thrombosis may occur as a result of surgical complicati-
ans of the transplantation procedure or as the end stage of allograft rejection 
;Arruda et al. 1973, Hollenbeck et al. 1992). During post-transplantation oligo-
ЭГ anuria, thrombosis must be differentiated from tubular necrosis and/oi 
rejection. As in other centers (Pontin et al. 1982, Delbeke et al. 1989, O'Malley 
ìt al. 1993), in our center radionuclide scanning was routinely used to confirm 
perfusion of the allograft. Because this requires intravenous administration of a 
radionuclide agent and transportation of the patient to the nuclear medicine 
department, a faster non-invasive bedside method of appraisal of perfusion 
would be desirable. Doppler ultrasonography has been proposed as such a 
method. No detectable blood flow velocity (Taylor et al. 1987) as well as high 
resistance flow velocity patterns have been described in cases of allografl 
thrombosis (Hollenbeck et al. 1992, Reuther et al. 1989, Warshauer et al. 1988. 
Allen et al. 1988, Perella et al. 1990). However, these findings have also beer 
described in other causes of renal allograft dysfunction: A high vasculai 
resistance, resulting in a high value of the Resistance Index (RI)(Planiol and 
Pourcelot, 1974) and/or the Pulsatility Index (PI)(Gosling et al. 1971), has beer 
described in cases of thrombosis (Hollenbeck et al. 1992, Reuther et al. 1989, 
Warshauer et al. 1988, Allen et al. 1988, Perella et al. 1990), acute tubulai 
necrosis (Warshauer et al. 1988, Meyer et al. 1990) and in cases of rejection 
'Rifkin et al. 1987, Rigsby et al. 1987). Therefore we planned to evaluate the 
iccuracy of Doppler ultrasonography in the appraisal of renal allograft 
serfusion. Recipients of a renal allograft with anuria were routinely examined 
jsing Doppler-ultrasonography. When clinically necessary a radionuclide scar 
ivas performed and these scans were compared with the concomitanti) 
performed Doppler ultrasonography examination. 
Patients and methods. 
All patients who experienced a period of anuria between October 1989 and 
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December 1991 and who underwent radionuclide examination to appraise the 
perfusion of the allograft were included in the study. Doppler ultrasonography 
examinations were performed once every second day in those patients. 
Radionuclide examinations were only performed on clinical indication, when 
there was uncertainty about the perfusion of the allograft due to oligo- or anuria. 
Die attending physician was unaware of the findings of Doppler ultrasonography 
examination and these findings were not used in clinical decision making. 
Iransplantectomy was performed when radionuclide scanning showed no 
perfusion or severely impaired perfusion in patients with apparent therapy 
resistant rejection. Post-transplantectomy pathologic examination served as the 
gold standard of renal allograft thrombosis. In all other cases the clinical course 
ind the findings of percutaneous allograft biopsy, when available, were used to 
reach a diagnosis of acute tubular necrosis or rejection. 
Radionuclide examinations. Radionuclide studies were performed in the nuclear 
medicine department. Intravenous administration of 99mTc-MAG3 (Mercapto-
icetylglycyl-glycylglycine) was followed by scintigraphic imaging. Computer 
generated perfusion curves of the renal transplant and the ipsilateral iliac artery 
ivere obtained for each examination. For this study radionuclide scans were 
-anked in four classes of increasing perfusion of the transplant when compared 
:o the radionuclide activity of the iliac artery. This was done by one of the 
authors (R.C.) who was unaware of the clinical condition of the patient and the 
autcome of Doppler ultrasonography examinations. Table 1 shows these four 
classes and the criteria for allocation to the respective classes. 
Table 1. Classification of radionuclide scans 
21ass Radionuclide findings 
[ Negative transplant image: less activity in the transplant 
than in surrounding tissues 
I Level of the transplant perfusion curve below that of the perfusion 
curve of the ipsilateral iliac artery 
i Level of the transplant perfusion curve above that of the perfusion 
curve of the ipsilateral iliac artery (normal perfusion) with retention 
of contrast agent in the renal cortex 
i Normal perfusion and normal excretion of the contrast agent to the bladder 
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Doppler ultrasonography. Non-invasive examinations were performed at the 
patient's bedside with an Doppler ultrasonography scanner (Toshiba SSA-270A) 
with a 3.75 MHz sector probe, using the color coded В mode image for 
guidance of the pulsed wave Doppler sample volume. When arterial frequency 
shifts were found within the renal allograft, Doppler spectra were obtained from 
segmental arteries near the hilum of the allograft with a 3.75 Mhz sector probe. 
System settings were such that low velocities could be detected (filter cut-off 
frequency: 45 Hz) and were not changed during the study. The angle between 
Doppler beam and artery under investigation was kept below 60°. Doppler 
spectra were stored on a personal computer for off-line analysis by a user-
written program (Asten van et al. 1991). The program determines a maximum 
frequency envelope from the Doppler spectrum representing the instantaneous 
maximum frequency for every time moment for positive and negative frequency 
shifts separately. Figure 1 shows a Doppler spectrum from a segmental artery 
and the maximum frequency waveform as produced by the computer program. 
The program then calculates from the waveform the Resistance Index (RI) 
((Fmax-Fdia)/Fmax) (Planiol and Pourcelot, 1974) and the Pulsatility Index (PI) 
((Fmax-Fdia)/Mean) (Gosling et al. 1971). These parameters are indicative of 
the resistance of the vascular bed distal from the site where the Doppler 
spectrum is obtained. An increase in RI and/or PI implies that peripheral 
vascular resistance has increased. Because they are calculated by dividing 
parameters from the frequency domain of the Doppler spectrum they are 
dimensionless parameters and independent of the angle between the Doppler 
beam and the insonated artery. 
The clinical outcome of the grafts that were included in the study was compared 
with both methods for appraisal of allograft perfusion. The findings of 
radionuclide scans were compared with the results of Doppler spectrum analysis 
when both examinations were performed within 24 hours of each other. 
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Figure 1. Doppler spectrum representation with maximum frequency envelope and descriptive 
parameters. Fmax = maximum systolic frequency shift; Fdia = maximum diastolic frequency shift; 
Mean = mean frequency shift during one heart cycle. Resistance Index (RI) is calculated from Fmax-
Fdia/Fmax and Pulsatility Index is calculated from Fmax-Fdia/Mean. 
Results 
During the observation period 92 radionuclide (RN) scans and Doppler 
ultrasonography examinations were performed within 24 hours of each other in 
53 patients. In 58 cases immediate post-transplantation anuria was the reason for 
radionuclide scannning and in 34 cases anuria during rejection episodes had led 
to doubt about the perfusion of the graft. 31 patients underwent 1 scan, 13 
patients underwent 2 scans and 9 patients underwent 3 to 6 scans. Most of these 
repeated scans were performed during post-transplantation acute renal failure 
(ARF) with a time interval between scans of three to four days, until sufficient 
diuresis was established. The remainder were performed during rejection 
episodes, that were confirmed with renal allograft biopsy. On radionuclide scan, 
four cases of acute, primary, thrombosis were diagnosed within the first week 
after transplantation and four other cases of thrombosis occurred between 20 and 
40 days after transplantation as the end-stage of unsuccessfully treated rejection 
episodes. All cases of thrombosis were confirmed on post-nephrectomy 
pathological examination. 
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Fig. 2 shows the comparison of the results of RN scans and Doppler ultrasono­
graphy acquired PI and RI, respectively. The 6 grafts with no perfusion 
according to radionuclide scanning (RN-class 1) showed no color coding of 
intrarenal vessels and no intrarenal Doppler signal could be obtained (n=3), or 
a Doppler spectrum with high RI and PI (n=3), indicating high renal vascular 
resistance. In RN-class 2, two cases of graft thrombosis after unsuccesful 
treatment of rejection were diagnosed after transplantectomy. These two patients 
showed a relatively high PI and RI compared to the other patients in this 
radionuclide class that recovered from ARF and/or rejection (n=6). In all other 
radionuclide classes arterial Doppler signals were found on Doppler ultrasono­
graphy. However, in RN class Ш there were several cases with an high RI 
(>0.85; n=5) and PI (>3.0; n=l). These were all patients with periods of 
prolonged ARF sometimes complicated with rejection. A high RI and PI can 
thus also be found in these cases. 
PI 
5- o 
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Figure 2. Scatter graph of Pulsatility Index (PI) and Resistance Index (RI) and radionuclide 
examination classes (RN-class). + grafts with perfusion; о grafts with thrombosis. Note: The three 
grafts that showed no visible perfusion on color Doppler ultrasonography examination have been 
attributed an arbitrary PI-value of 5.0 and the maximum RI-value of 1.0. 
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Figs. 3 and 4 illustrate 2 cases of grafts with high PI and RI during anuria. Fig 
3 shows Doppler spectra obtained at consecutive Doppler ultrasonograph) 
examinations from a graft that was lost despite extensive anti-rejectior 
treatment. Figure 4 illustrates a case with high PI and RI occuring shortly aftei 
transplantation that recovered from anuria after anti-rejection treatment. High R] 
and PI were caused by decreased diastolic or even reversed diastolic flow. In the 
three grafts in which no Doppler signal could be obtained histopathologic 
sxamination showed thrombus in the renal vein and the renal artery. In the othei 
:ases renal vein thrombosis was found. 
When comparing the results of Doppler spectrum quantification with RI and PI. 
the PI seems to be a more discriminative parameter than RI (fig. 2). Table 2 
shows the sensitivities and specificities of Doppler ultrasonography examinatior 
for the establishment of perfusion with varying cut-off values for both 
parameters. At cut-off values of <3.0 and <0.85, for PI and RI respectively, a 
sensitivity of 100% is obtained with a specificity of 98% and 90%, respectively. 
Fhe positive predictive value of a Doppler ultrasonography examination for the 
iiagnosis of thrombosis is 80% using a PI >3.0, and 50% using a RI >0.85 in 
his series of anurie patients. Using these criteria the negative predective value 
for the diagnosis of thrombosis is 100 %. 
day 29 RN 1 
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Figure 3. Consecutive Doppler spectra from a graft that was lost to thrombosis after unsuccessful 
inti-rejection treatments. Doppler spectrum analysis already indicated allograft thrombosis (PI > 3.0) 
)n day 25. Radionuclide scannning on day 29 after transplantation showed no perfusion (Gass I) and 
he graft was removed. Day (number) indicates the day after transplantation. RN (number) indicates 
ι simultaneous radionuclide examination and classification (see table 1.). 
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Figure 4. Consecutive Doppler spectra from a gran that recovered from post-transplantation anuria 
after anti-rejection treatment was started on day 7 after transplantation. PI rose from 1.2 (day 2) to 
3.2 (day 5) and fell to 1.7 (day 9) after anti-rejection treatment was initiated. Day (number) indicates 
the day after transplantation. RN (number) indicates a simultaneous radionuclide examination and 
classification (see table 1.) 
Table 2. Specificity and sensitivity for varying values of Pulsatility Index (PI) and Resistance 
Index (RI) in the diagnosis of renal allograft thrombosis (8 of 92) 
Pl-value Specificity Sensitivity 
(%) (%) 
RI-value Specificity Sensitivity 
(%) (%) 
>4.5 
>3.5 
>3.0 
>2.5 
99 (83/84) 
98 (82/84) 
98 (82/84) 
94 (79/84) 
62 (5/8) 
75 (678) 
100 (8/8) 
100 (8/8) 
>0.95 
>0.90 
>0.85 
>0.80 
96 (81/84) 
94 (79/84) 
90 (76/84) 
86 (72/84) 
75 (6/8) 
88 (7/8) 
100 (8/8) 
100 (8/8) 
Numbers between parentheses show the actual numbers in this series. 
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Discussion 
Accurate diagnosis of perfusion of a renal transplant during anuria is of the 
utmost importance. Delay of the diagnosis of thrombosis may lead to serious 
complications because of unnecessary continuation of anti-rejection treatment 
and delay of transplantectomy of the necrotic graft. However, a false positive 
diagnosis of graft thrombosis should be avoided because a possibly viable graft 
may be removed. 
In our center radionuclide scans were performed up to three times a week during 
persistent anuria for the appraisal of allograft perfusion. The diagnosis of 
thrombosis of the graft was made on radionuclide examination in the past. In 
this study, we evaluated the accuracy of color coded Doppler ultrasonography 
and Doppler spectral analysis in assessment of allograft perfusion. The diagnosis 
of thrombosis was confirmed histopathologically after transplantectomy, which 
was performed when radionuclide scanning showed no perfusion or severely 
impaired perfusion in patients with apparent unbeatable rejection. With Doppler 
ultrasonography, in three cases no arterial or venous frequency shifts could be 
obtained from the thrombosed grafts. High arterial RI (>0.85) was found in the 
other 5 cases of thrombosis, but also in 8 cases of prolonged ARF, sometimes 
complicated with rejection. High PI (>3.0) appeared to be a more specific sign 
for thrombosis, only two of the 10 grafts with PI >3.0 regaining renal function 
after anti-rejection treatment. The difference between RI and PI in identifying 
grafts with thrombosis can largely be explained by differences in their definition. 
The RI has a maximum value at 1.0 when there is no positive diastolic 
frequency shift. The definition of PI, however, incorporates the magnitude of 
negative diastolic frequency shifts and displays a sudden increase when the 
diastolic frequency shift becomes negative because the mean frequency shift 
then decreases substantiality. This makes the PI a more suitable parameter for 
appraising differences in the peripheral vascular resistance in high resistance 
vascular beds. Other authors have also reported the absence of Doppler signals 
(Taylor et al. 1987), or high RI and/or PI values, indicative of high renal 
vascular resistance, in several cases of allograft thrombosis (Hollenbeck et al. 
1992, Reuther et al. 1989, Warshauer et al. 1988). Wood and Nasmyth (1982) 
used a canine kidney autograft model to demonstrate that PI increased above 2.0 
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when the autograft vein was reduced with at least 88% of the original venous 
diameter. A high PI is thus associated with a severe venous outflow obstruction. 
In grafts undergoing prolonged ARF with or without rejection, however, we also 
found elevated values of PI and RI. This has also been reported by others 
(Warshauer et al. 1988, Rifkin et al. 1987, Rigsby et al. 1987, Oh et al. 1989) 
and must be attributed to increased vascular resistance "probably due to vascular 
narrowing as a result of interstitial processes and microthrombosis from intra-
vascular rejections" (Berland et al. 1985). In grafts with anuria with a RI lower 
than 0.85 or PI below 3.0 perfusion of the allograft was present in all cases. 
Doppler ultrasonography examination with Doppler spectral analysis thus seems 
capable of establishing a positive diagnosis of perfusion, obviating the need for 
radionuclide scanning in a large group of patients. In this study 76/92 (83%) of 
the radionuclide scans could have been avoided when using the RI (>0.85), and 
even 82/92 (89%) scans when using the PI (>3.0). Additionally, using these cut-
off values none of the thrombosed grafts would have been missed by Doppler 
ultrasonography. 
Taylor et al. (1987) found no Doppler signal in any of the 10 grafts without 
perfusion in their study and they suggest to consider performing surgery on the 
basis of Doppler ultrasonography findings alone. In their study the diagnosis of 
thrombosis seems to be made later than in ours: Two of the patients had already 
severe disseminated intravascular coagulation associated with allograft necrosis. 
Our effort to shorten the time to diagnosis is most likely the reason that we 
found arterial signals still present in 7 of the 10 patients with allograft 
thrombosis. None of our patients with allograft thrombosis encountered serious 
complications due to necrosis of the graft. However, because other (treatable) 
causes of anuria, like acute tubular necrosis or rejection, may be responsible for 
high renal vascular impedance, resulting in high PI and RI, we would not 
consider transplantectomy on Doppler ultrasonography examinations alone. 
Radionuclide scans should, in our opinion, be performed when Doppler findings 
indicate high renal vascular impedance, before the final decision to remove the 
transplant is made. When other causes of renal dysfunction (rejection, acute 
tubular necrosis, urinary tract obstruction) are subsequently suspected, other 
diagnostic tools (biopsy, B-mode ultrasonography) can be employed. 
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Because the clinical course, especially during persisting anuria, may necessitate 
repeated appraisal of renal allograft perfusion the non-invasive Dopplei 
ultrasonography examination is the preferable method. In 80% to 90% of the 
sases Doppler ultrasonography can establish a positive diagnosis of perfusion, 
without missing any cases of thrombosis. A PI value of >3.0 can be used as the 
trigger for obtaining a radionuclide scan. Furthermore, Doppler ultrasonography 
îxaminations are less time consuming and can easily be performed and repeated 
whenever necessary at the patient's bedside, obviating the need for transportati-
эп to the nuclear medicine department. In cases of high intrarenal impedance, 
radionuclide scanning should be performed to confirm a diagnosis of transplant 
thrombosis, before the irrevocable decision of transplantectomy is made. 
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CHAPTER 3 
HIGH INCIDENCE OF POSTBIOPSY ARTERIOVENOUS FISTULAE 
IN RENAL ALLOGRAFTS DETECTED WITH ECHO-DOPPLER 
J.W.S. Merkus, C.J.A.M. Zeebregts, A.J. Hoitsma, W.N.J.C. van Asten, R.A.P. 
Koene, S.H. Skotnicki. 
Br J Surg 1993;80:310-312 
ABSTRACT 
Arteriovenous fistula (AVF) is a well known but rarely diagnosed complication of percutaneous 
biopsy of kidney allografts. In the past the diagnosis was usually made when clinical signs of an 
A VF occurred but echo-Doppler devices have now enabled non-invasive diagnosis. Echo-Doppler 
exami nation of kidney allografts was performed after 100 biopsies. A total of ten A VFs were diagno­
sed within two weeks after biopsy. On repeated examination two months later, no additional fistula 
was detected. All fistulas were detected by abnormal colour shading of the artery and vein of the 
fistula caused by high blood velocity. Quantification in the artery supplying the fistula showed a 
higher systolic velocity when compared with that in a normal artery of comparable size and location 
in the graft (mean (range) 64 (25-150) versus 36 (20-65) cm/s; rxO.05). Diastolic velocity was also 
higher in the artery supplying the fistula than in a normal artery (mean (range) 34 (9-72) versus 7 
(0-13) cm/s; p<0.05). In the group with an A VF the proportion with a prolonged bleeding time (> 
3min) was higher (80% vs 47%;p<0.05), as was the prevalence of a platelet count <200 χ MVl (60% 
vs 22%;p<0.05). After detection of the fistula, four of the grafts were lost because of rejection and 
two patients died from sepsis during antirejection treatment During follow-up of the remaining four 
A VFs, three disappeared spontaneously and one persisted. None of the fistulas has had an impact 
on renal function requiring intervention. In conclusion, A VF is a complication observed frequently 
after kidney allograft biopsy that can be detected and monitored by echo-Doppler examination. 
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Introduction 
Arteriovenous fístula (AVF) is a well recognised complication after biopsy both 
in the native kidney1 д and in a kidney allograft. After renal transplantation, 
percutaneous biopsy is used routinely to establish a diagnosis of rejection. Case 
reports of AVF after biopsy from a kidney allograft have been published3"9, but 
the incidence of this complication is not well known. Recently, incidences of 1 -2 
per cent after all allograft biopsies have been reported10,11. The detection of a 
fistula is possible with angiography4,6·7·10,11 or radionuclide scanning3 and several 
reports have been published recently on the applicabilaty of echo-Doppler 
examination5·9,12. This non-invasive technique is particularly suitable for the 
detection of AVF following kidney allograft biopsy, not only because images of 
the kidney allograft can be obtained but also because Doppler spectra can be 
used to describe changes in hemodynamics13,14. In this study echo-Doppler 
examinations was routine shortly after every kidney allograft biopsy to detect 
possible AVFs. Additionally, possible risk factors for the occurrence of a fistula 
were analysed and all fistulas detected were followed up. 
Patients and methods 
Echo-Doppler examination was performed in all patients undergoing transplanta­
tion in our center between May 1990 and September 1991 who had a kidney 
allograft biopsy. Transplantation was done using standard surgical techniques 
with end-to-side anastomoses on the external iliac vessels. Biopsies were taken 
with a 14-G Tru-Cut needle (Travenol Laboratories, Deerfield, Illinois, USA) 
when the cause of renal dysfunction had to be established. Echo-Doppler 
examination was performed with a Toshiba SSA-270-A color duplex scanner 
with a 3.75 Mhz probe (Toshiba, Tokyo, Japan) within two weeks of biopsy. 
The probe was placed on the lateral region of the abdomen to visualise the 
position and anatomy of the kidney allograft. The color-coded Doppler represen­
tation was used to identify the vessels of the allograft. Initial detection of AVF 
is possible on the real time echo-Doppler image by random color assignment 
due to tissue vibration or by abnormal color shading of the artery and vein of 
the fistula compared to normal vessels of the graft5. Doppler spectra from a 
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normal segmental artery and from the artery supplying the AVF were obtained 
The systolic and diastolic velocities in these arteries were measured. The 
insonation angle of the Doppler beam was kept below 60°. The Resistance Indes 
(RI) of the Doppler spectrum was calculated using the formula15: 
Resistance Index = systolic velocity - diastolic velocity 
systolic velocity 
The RI is a parameter which characterizes the peripheral resistance of ar 
artery13"15. The venous flow-pattern in the kidney allograft was also assessed foi 
features of arterialisation; these can be seen in veins draining a fistula. Clinical 
data at the time of biopsy were recorded to assess whether risk factors for the 
occurrence of an AVF could be identified. Serum creatinine concentration and 
hematological characteristics were determined using standard laboratory techni-
ques. In all patients echo-Doppler examinations were repeated after 2 months tc 
detect fistulas that might have been too small for identification during the first 
examination previously but that had later increased in size. Also, all fistulas 
detected were followed up to assess changes with time. 
Statistical analysis was performed using Student's t-test or Kruskal-Wallis 
inalysis for two groups where appropriate. P<0.05 was considered significant. 
Results 
During the observation period 100 biopsies were performed in 62 patients. A 
biopsy was taken 1-52 (median 4) weeks after transplantation. Echo-Dopplei 
ìxamination was performed 1 - 14 (median 2) days after biopsy. These initial 
îcho-Doppler examinations disclosed ten AVFs (incidence 10 per cent). Mosl 
Fistulas were detected on initial overview of the echo-Doppler image. In one 
:ase the difference in RI between segmental arteries and arterialisation of the 
venous signal prompted the investigator to search for a fistula, which was thee 
identified. The presence of a fistula was confirmed during follow-up when it had 
increased in size and showed the same characteristics as the other fistulas. 
Doppler waveform characteristics of the fistulas detected are shown in Table 1. 
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Mean (range) systolic velocity was higher in arteries supplying the AVF than 
in normal arteries (64 (25-150) versus 36 (20-65) cm/s; p<0.05). The mean 
diastolic velocity was also higher in the former (mean (range) 34 (9-72) versus 
7 (0-13) cm/s; P<0.05). This resulted in a lower RI in the artery supplying the 
AVF compared to that of a normal artery (mean (range) 0.48 (0.34-0.60) versus 
0.82 (0.69-1.00); P<0.05). 
Table 1. Doppler spectrum waveform characteristics of AVFs and comparable normal arteries 
in kidney allografts 
AVF artery (A) normal artery (B) 
systolic diastolic RI systolic diastolic RI URI 
velocity velocity velocity velocity (B-A) 
case (cm/s) (cm/s) (cm/s) (cm/s) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
68 
25 
111 
60 
70 
31 
27 
150 
25 
74 
30 
9 
72 
35 
48 
16 
14 
66 
13 
32 
0.56 
0.64 
0.35 
0.42 
0.31 
0.48 
0.48 
0.56 
0.48 
0.57 
43 
20 
37 
65 
32 
33 
42 
32 
20 
40 
10 
5 
8 
13 
4 
7 
0 
10 
0 
10 
0.77 0.21 
0.75 0.11 
0.78 0.43 
0.80 0.38 
0.88 0.57 
0.79 0.31 
1.00 0.52 
0.69 0.13 
1.00 0.52 
0.75 0.18 
Measurements were made 2 - 1 4 days after biopsy. RI = Resistance Index; URI = difference 
between RI from a normal artery and RI from the artery supplying the AVF. 
Hematuria occured for several days after biopsy in two of the 10 patients (20 
per cent) with an AVF, but in only six of the 90 (7 per cent) in whom no fistula 
was observed. A bruit over the area of the allograft was heard in four of the 10 
patients with a fistula but in none of the others. Rejection was diagnosed in 50 
per cent of the biopsies causing an AVF and in 69 per cent of the others; the 
difference was not significant. In four of the 10 biopsies that had caused a 
fistula parts of the arterial wall were seen in the biopsy. Clinical data for the 
patients at the time of biopsy are shown in Table 2. There were significant 
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differences in the between groups without and with an AVF in the proportion 
of patients who had a bleeding time >3min (47 versus 80 per cent) and a platelet 
count <200 χ 109/1 (22 versus 60 per cent). 
Table 2. Clinical data (mean ± SD) of patients with and without AVF after kidney allograft 
biopsy 
Systolic bp (mmHg)" 
Diastolic bp (mmHg)* 
senim creatinine (umol/1)" 
APTT(s)" 
Ivy-bleeding time >3 min 
platelet count <200 χ 109/1 
International ratio >1.2 
Cyclosporin immunosuppression 
no AVF 
(n=90) 
158 ± 27 
89 ± 14 
407 ± 237 
32 ± 5 
42 (47) 
20 (22) 
5 (6) 
55 (61) 
AVF 
(n=10) 
148 ± 30 
82 ± 13 
430 ± 237 
34 ± 8 
8 (80) 
6(60) 
2(20) 
5(50) 
Ρ 
NS 
NS 
NS 
NS 
p<0.05 
p<0.05 
NS 
NS 
' Values are mean ± SD; values in parentheses are percentages; bp = blood pressure; 
APTT = activated prothrombine time; Ivy-bleeding time = mean value of three consecutive 
measurements; NS = not significant 
Echo-Doppler examination was repeated in all patients 7-10 (median 8) weeks 
after biopsy to detect any fistula that might have become visible only after an 
increased in size with time, and to detect any spontaneous closure of an already 
established AVF. No new fístula was found and none of the lesions detected 
earlier had spontaneously disappeared at that time. 
During follow-up, two patients died from sepsis after antirejection treatment. In 
four others the graft was lost to rejection within two weeks of biopsy. In the 
remaining four patients the AVFs were followed up between 15 and 24 weeks 
after biopsy. The echo-Doppler examination showed that three of these fistulas 
had disappeared spontaneously, whereas the remaining fístula showed increased 
blood velocities. However, the patient affected has suffered neither deterioration 
of renal function nor any complaint that could be attributed to the fistula up to 
18 months after biopsy. 
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Discussion 
The Doppler characteristics of AVFs after renal allograft biopsy have been 
described earlier5,9,12 and the present findings are in concordance with these data. 
The RI, a measure of peripheral resistance of an artery, was considerably lower 
in all fistulas compared with the index of a normal artery in the allograft. In our 
study, however, the velocities in the normal artery and the AVF during the first 
examination after biopsy show more overlap than in the descriptive study of 
Middleton et al5. This may be because the first examinations in the present study 
were made shortly after biopsy when the fistulas were still relatively small, 
resulting in lower blood velocities in the supplying artery. Furthermore, 
examination was performed on a routine basis whereas a selected group of 
patients was investigated in other studies510. 
The incidence of AVF in the present series was 10 per cent. This is rather high 
compared with the values of 1 and 2 per cent reported in previous studies10,11, 
where clinical symptoms were the indication for performing the angiography that 
disclosed the fistula. Echo-Doppler examination was routine after biopsy in the 
present study, so more AVFs were detected. The incidence in this series is more 
in agreement with the incidences of 15 - 18 per cent that were found by routine 
angiography performed after biopsy of native kidneys1,2. 
Parts of the arterial wall were found in four of the ten biopsies that had caused 
an AVF. Because not all of the biopsy material was always examined, no 
definitive conclusion can be drawn from this observation. In agreement with the 
findings of Lawen et al.10, no association could be made between the presence 
of signs of rejection in the biopsy and the occurrence of an AVF. However, the 
clinical data taken at the time of biopsy showed significantly higher percentages 
of patients with a prolonged bleeding time and a low platelet count in those with 
a fistula than in the other group. It seems that, together with the circumstantial 
factor of arterial damage from the biopsy-needle, the hemostatic condition of the 
patient contributes to the risk of developing a fistula. The occurrence of a fistula 
is probably a multifactorial event, to which hemostatic factors and factors 
associated with the biopsy technique both contribute. Contrary to the findings 
of others10, cyclosporin immunosuppression did not seem to be associated with 
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an increased risk of AVF development. 
The present study suggests that the consequences of an AVF are limited. Ir 
most cases the fístula never became clinically significant, because the graft was 
lost to rejection or the patient died. Most of the remaining fistulas disappeared 
spontaneously. Spontaneous disappearance has also been reported elsewhere16. 
A persisting fistula, as observed in one patient in the present series, may exisl 
without renal dysfunction or signs of hyperdynamic circulation 4 Л 1 0. However, 
others have reported deterioration of renal function and uncontrollable hyperten­
sion resulting from a fistula; these are features that may require correction eithei 
surgically or by percutaneous embolization6,7·9,10"12. According to Lawen et al.K 
most AVFs were found in patients who had undergone biopsy more than 1 yeai 
after transplantation and most of these needed correction. This discrepancy in 
the present study may be because most of the biopsies in this series were taken 
approximately 4 weeks after transplantation and many grafts were lost before the 
fistula could develop to an extent where it was a threat to renal function. 
Lawen et al. I0 found that AVFs were detected in 0.6 percent of biopsies in the 
First year after transplantation. After biopsy taken beyond the first year the 
proportion was 3.5 per cent. They attribute this higher incidence to the histologic 
Features of the graft beyond one year: arterial wall thickening and intimai 
Fibrosis. In our opinion, it may equally well have been caused by the higher loss 
of grafts in the first year, preventing some of the fistulas reaching the level of 
:linical significance. 
In conclusion, echo-Doppler examination provides an easy non-invasive method 
For detecting and monitoring AVFs after kidney allograft biopsy. In this pros­
pective study the incidence of fistula was 10 per cent of all biopsies. Hemostatic 
Factors seem to contribute to the occurrence of a fistula. None of these early 
detected fistulas caused deterioration of renal function requiring intervention. 
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CHAPTER 4 
RENAL ALLOGRAFT ARTERY STENOSIS: 
RESULTS OF MEDICAL TREATMENT AND INTERVENTION. 
A RETROSPECTIVE ANALYSIS 
r.W.S. Merkus, F.T.M. Huysmans, A.J. Hoitsma, F.G.M. Buskens, S.H 
Skotnicki, R.A.P. Koene, S.H. Skotnicki. 
Transplant Int 1993; 6: 111-115 
ABSTRACT 
In a retrospective analysis of 1165 renal transplantations in our center 65 cases of renal allograft 
artery stenosis were diagnosed angiographically (prevalence 5.5 %). Hypertension was present in all 
cases; a bruit over the allograft and an increase in serum creatinine level were additional reasons for 
angiography. Shortly after diagnosis of the stenosis, two patients died and two others lost their graft 
due to thrombosis. In 24 patients the decision was made not to correct the stenosis. One of these 
grafts was lost because the stenosis could not be corrected. Medical management of hypertension in 
these patients resulted in a decrease of diastolic blood pressure from 109 ± 22 to 96 ± 12 mmHg 
(P<0.01) three months after diagnosis with the use of almost twice as many antihypertensive drugs 
as at the time of diagnosis (P<0.01). The stenosis was corrected if the angiography showed it to be 
so severe stenosis that jeopardized renal allograft function or caused uncontrollable hypertension. 
Only three of nine percutaneous transluminal angioplasty (PTA) procedures resulted in a definitive 
correction of the stenosis. Surgical intervention was performed in 30 patients, including two patients 
whose PTAs had proved unsuccessful. Surgery led to graft loss due to thrombosis in six of 30 
operations (20%), whereas re-stenosis occurred twice (7%). In three other cases (10%) the correction 
was not successful due to local anatomical variations or concomitant rejection. Successful correction 
of the stenosis by either PTA or surgical intervention (n=22) resulted in a significant decrease of 
systolic (171 ± 31 vs 145 ± 27 mmHg; P<0.01) and diastolic (103 ± 15 vs 89 ± 14 mmHg; P<0.05) 
blood pressures three months after correction. Concomitantly, a decrease in the number of 
antihypertensive drugs from 2.1 ± 1.0 to 1.5 ± 1.0 (P<0.01) was achieved. In conclusion, renal 
allograft artery stenosis could successfully be managed pharmacologically, provided that allograft 
perfusion was not jeopardized. Successful surgical correction of a stenosis with effective control of 
hypertension was achieved in 63% of the cases. PTA was less frequently successful but did not cause 
any graft loss. 
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Introduction 
Hypertension is a common complication after renal transplantation. Pre-existing 
essential hypertension, the presence of host kidneys, original renal disease, the 
occurrence of rejection, and the use of cyclosporin as immunosuppressive drug 
are all risk factors for hypertension (3, 8, 17). Renal artery stenosis is another 
obvious cause of hypertension after renal transplantation. The reported incidence 
of renal artery stenosis after renal transplantation varies from 0.6 % to 16 % (4, 
10, 13). Due to the fact that angiographies are not routinely performed in most 
centers, the incidence of stenosis of the allograft artery may be underestimated. 
Management of this cause of hypertension consists of either pharmacological 
treatment or correction of the stenosis. Correction may be attempted by 
percutaneous transluminal angioplasty (PTA)(1, 12) or by surgical repair (15, 
16). The choice between these three treatment modalities is often difficult, since 
data on the early and long term results of these treatments are limited. 
Therefore, we analysed the results of the management of stenoses of the 
allograft artery after renal transplantation that were diagnosed with angiography 
in our center. 
Patients and methods 
Patients with an angiographically diagnosed allograft artery stenosis were 
identified by a computer search of all renal transplantations performed in our 
center between 1968 and 1991. The hospital charts of these patients were 
manually searched for the reason for angiography, the severity of the stenosis, 
the therapy initiated after diagnosis and the result of that therapy. Moreover, 
clinical data of patients at the time shortly before angiography and three months 
after the diagnosis or intervention as well as at the end of the observation period 
were registered. Data from three months after diagnosis of the artery stenosis or 
after the intervention were analysed with regard to several known risk factors 
for hypertension, such as the presence of host kidneys, original disease, number 
of previous rejections and steroid dose. 
Transplantation was performed using standard surgical techniques with end-to-
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side anastomosis of the renal allograft artery to the external iliac artery. When 
a stenosis was suspected, angiography was performed by contrast injection 
through a catheter introduced in the contralateral femoral artery. When 
necessary, oblique views were used to identify stenoses. PTA or surgery was 
undertaken when a significant stenosis ( >75 % narrowing of the arterial lumen) 
was found that was considered to be the main cause of deterioration of renal 
function or of hypertension. The decision to perform a correction and in which 
way to do so was usually the result of discussion between the radiologist, the 
vascular surgeon and the nephrologist. PTA was only performed after 1981 in 
cases of a short stenosis, distal from the anastomotic site. PTA dilatation was 
performed with a balloon equal in size to the renal artery in a nonstenotic 
segment of the artery. After the procedure angiographic inspection was done to 
establish the immediate result of angioplasty. Surgical correction was performed 
through a lateral retroperitoneal approach of the renal artery and the iliac artery. 
Arterial reconstruction was performed by resection of the stenotic segment and 
end-to-side reimplantation of the renal allograft artery in the iliac artery, using 
interposition grafting if necessary, or by vein patch angioplasty of the stenotic 
arterial segment, or by construction of a bypass graft between the iliac artery 
and the renal artery distal to the stenotic segment, without occlusion of the 
stenotic renal artery. 
All values are expressed as means ± SD. Statistical analysis was done with the 
Wilcoxon test or Student's t-test for paired observations, when appropriate. 
Results 
In the observation period 1165 renal transplantations were performed in our 
center. Among those, 65 cases of renal artery stenosis were diagnosed with 
angiography, thus rendering the prevalence of identified renal transplant artery 
stenosis in our center approximately 5.5%. In all patients the reason for 
angiography was persistent hypertension; a bruit over the allograft (50 %) and 
a rise in serum creatinine level (76 %) were additional reasons. Mean age of the 
patients (37 males, 28 females) was 45.3 years. Six of the 65 stenoses (9%) 
were found in the allograft artery of a kidney from a living related donor, while 
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101 of the 1165 (9%) transplantations were performed with grafts from living 
•elated donors. In 18 patients with a renal artery stenosis the native kidneys had 
зееп removed before transplantation. There were no differences in blood pres­
sure or number of antihypertensive drugs at the time of angiography between 
?atients with or without host kidneys. Immunosuppression was achieved with 
izathioprine and prednisone in all patients at the time of angiography. 
[n two patients the angiography was made shortly after transplantation and 
showed very severe stenosis and almost no perfusion of the allograft. During 
subsequent transplantectomy complete thrombosis of the renal artery was, in 
Fact, found and the allografts were removed. Two other patients died in the week 
lfter angiography, both of pneumonia. Thus 61 patients remained for evaluador 
af the therapy for stenosis. Of these 61 patients six underwent angiography 
luring their first hospital admission because their renal function did not reach 
ι satisfactory level and hypertension was present. In the other 55 patients the 
diagnosis of renal artery stenosis was made during a subsequent hospital 
idmission one month to twelve years (median 5 months) after the transplan­
tation. In these 55 patients the systolic and diastolic blood pressures increased 
From 149 ± 18 mmHg and 90 ± 12 mmHg at the time of the first discharge aftei 
transplantation to 173 ± 30 mmHg (P<0.01) and 104 ± 18 mmHg (P<0.01) al 
the time of angiography. During this period their serum creatinine level rose 
From 137 ± 67 umol/1 at discharge to 213 ± 146 umol/1 (P<0.05) at the time jusl 
эгіог to angiography. 
[n 24 of the 61 patients with a renal artery stenosis, correction of the stenosis 
ivas no attempted, because the stenosis was assessed as not being severe enough 
.0 jeopardize renal allograft perfusion (n=ll) or because there were multiple 
stenoses (n=9), that were considered unsuitable for correction. In four patients, 
îven though there was a significant stenosis, a correction was not attempted, 
aecause the anatomical situation was judged unfit for any correctional therapy, 
ІЪе clinical data at the time of angiography and at three months thereafter ol 
lie 24 patients in whom no correction was performed and in whom hypertension 
ivas treated pharmacologically are shown in Table 1. Diastolic blood pressures 
decreased significantly three months after angiography, while there was ar 
increase in the number of anti-hypertensive drugs prescribed. There were nc 
-61-
differences in the changes in blood pressures or the number of antihypertensive 
drugs between patients with moderate, severe or multiple stenoses on angiograp-
hy. 
An analysis of risk factors for hypertension showed a difference in the number 
of antihypertensive drugs after three months in patients with (n=15) or without 
host kidneys (n=9) (2.67 ± 0.78 vs 1.75 ± 1.17; P<0.05). No significant 
influence of the other known risk factors for the occurrence of hypertension 
could be found in this relatively small group of patients. 
At the time of this analysis (median follow-up 116 months; range 2-219 months) 
five grafts had been lost due to chronic rejection between six months and three 
years after diagnosis of the stenosis. One graft with severe artery stenosis was 
lost due to the fact that the stenosis could not be corrected. The remaining 18 
patients with functioning grafts at the time of the last follow-up had systolic and 
diastolic blood pressures of 155 ± 22 mmHg and 92 ± 8 mmHg, respectively. 
This was still significantly lower (P<0.01 and P<0.01) than blood pressures 
before angiography. The number of antihypertensive drugs had also decreased 
to 1.74 ± 1.28, which was no longer significantly higher than the number 
administered before angiography. 
Figure 1 schematically shows the outcome of percutaneous transluminal 
angioplasty (PTA). A PTA was performed in nine patients. In six patients this 
procedure was initially successful, although in two of them restenosis was diag-
nosed four months and one year later. In another of these six patients streptoki-
nase was successfully used to resolve PTA induced thrombosis of the dilated 
artery. Eventually, this graft was lost, three months after PTA, due to rejection, 
as was another graft in which PTA did not correct the stenosis; no further 
therapy was initiated because of concomitant rejection. In two other cases 
surgical intervention was necessary after initial PTA. Immediate surgical inter-
vention for arterial thrombosis after PTA was necessary in one patient. In 
another the PTA procedure did not correct the stenosis, as judged by angiograp-
hic inspection, and surgical correction was done 5 days later, because of persist-
ent hypertension. 
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ГаЫе 1. Results of medical management of transplant renal artery stenosis (n=24) 
Angiography 
before after 3 months 
Systolic BP (mmHg) 
Diastolic BP (mmHg) 
Serum creatinine (цтоШ) 
Proteinuria (g/1) 
Antihypertensive drugs (n) 
177 ± 34 
109 ±22 
173 ± 77 
0.6 ± 1.1 
1.4 ± 1.4 
160 ±30 
96 ± 12 
167 ± 94 
0.6 ± 1.2 
2.2 ± 1.1 
NS 
P<0.01 
NS 
NS 
P<0.01 
BP = Blood Pressure; η = number; NS = Not Significant 
Surgical intervention was initially planned in 28 cases; As mentioned earlier, il 
was also performed in two patients after unsuccessful PTA. Figure 2 shows the 
outcome of surgical correction in these 30 patients. In one of these patients г 
correction was not actually performed, since, during surgery, it appeared that the 
arteries of the patient were too brittle for reconstruction. In another patient the 
graft (originating from a three-year-old donor) was removed because it hac 
grown around the arterial anastomosis making correction impossible. Thus, г 
total of 28 corrections were performed. In ten patients an arterial reimplantatior 
was performed after resection of the stenotic segment. In four of these 10 cases 
interposition grafting was necessary. Ten corrections (including the two perfor­
med after PTA) were performed with vein patch angioplasty of the the stenotic 
segment, and in eight patients a part of the greater saphenous vein was us'ed as 
a bypass graft. 
Of the 10 arterial reimplantations 8 operations were successful. In one patieni 
a mild re-stenosis occurred in the end-to-end anastomosis of the interpositior 
graft. One graft was lost due to thrombosis shortly after the operation. Of the 
10 patients (8 initially planned and 2 after unsuccessful PTA) in whom a veil 
patch angioplasty was performed, two patients lost their graft as an immediate 
result of the operation, both due to thrombosis. In one this occurred after reinter­
vention for postoperative bleeding and interposition of a part of the greatei 
saphenous vein. One graft was eventually lost due to concomitant rejection. Ir 
-63-
sight patients a part of the greater saphenous vein was used as bypass graft. ITJ 
three of these patients a reintervention for postoperative complications was 
Qeccesary. Two times because of postoperative bleeding and in one patient 
because of uncontrollable hypertension that improved after revision of the 
bypass. One of these patients lost the graft despite reintervention; Two others 
lost their grafts due to thrombosis of the bypass. Restenosis in the venous 
bypass graft was diagnosed in one patient one month after the operation. 
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Figure 1. Overview of the outcome of percutaneous transluminal angioplasty (PTA) of renal allograft 
irtery stenosis. The bottom line shows all eventually successful corrections. Note that in two patients 
in unsuccessful PTA procedure was followed by surgical intervention (see fig 2.); η = number. 
-64-
Reimplantation 
n= 10 
Thrombosis 
- л = 1 
Restenosis 
~ n = 1 
Successful! 
Ι-π = θ 
Surgery 
Π ж 
Patch 
angioplasty 
n = 10 
Thrombosis 
30 
- n = 2 
Rejection 
—
 n = 1 
Successful! 
L_ л = 7 
I 
Bypass 
grafting 
л = 8 
Thrombosis 
I » 
No 
correction 
n = 2 
- л = 3 
Restenosis 
~ Л = 1 
Successful! 
I— л « 4 
Figure 2. Overview of the outcome of surgical correction of renal allograft artery stenosis. The 
bottom line shows all eventually successful corrections; η = number 
In all, a successful correction of the arterial stenosis was performed on 22 
patients, either by PTA, PTA followed by surgical correction or surgical cor­
rection alone (Figs 1 and 2). Blood pressures and antihypertensive medication, 
as well as serum creatinine levels of these patients at the time of angiography 
and at three months after correction, are shown in table 2. Systolic and diastolic 
blood pressure decreased significantly three months after successful correction 
of the stenosis and fewer antihypertensive drugs were necessary to control blood 
pressures. Renal function, as determined by serum creatinine levels, also 
improved after correction of the renal allograft artery stenosis. 
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Table 2. Results of correctional intervention for renal artery stenosis (n=22). 
Correction 
before after 3 months 
Systolic BP (mmHg) 
Diastolic BP (mmHg) 
Serum creatinine (μπιοΙΛ) 
Proteinuria (g/1) 
Antihypertensive drugs (n) 
171 ± 31 
103 ± 15 
194 ± 122 
0.9 ± 2.9 
2.1 ± 1.0 
145 ± 27 
89 ± 14 
144 ± 93 
1.0 ± 2.4 
1.5 ± 1.0 
P<0.01 
P<0.01 
P<0.01 
NS 
P<0.01 
BP = Blood Pressure; η = number; NS = Not Significant 
During the follow-up period (median 64 months; range 3-218 months) six grafts 
were lost due to rejection between three months and seven years after the 
:orrection. The remaining 16 patients had systolic and diastolic blood pressures 
jf 139 ± 22 and 88 ± 10 mmHg, respectively, at the time of the last follow up. 
rhe number of antihypertensive drugs decreased to 1.2 ± 1.2. All of these values 
ire still significantly lower (P<0.01) than the values before correction. 
Discussion 
Stenosis of a renal artery after renal transplantation can cause hypertension and 
ι decline in renal function. Pharmacological treatment is sufficient if blood 
pressure can be controlled and the stenosis does not actually endanger allograft 
Derfusion. In this retrospective analysis, the selection of patients for correction 
sf a stenosis or for pharmacological management of the accompanying 
lypertension was done on the basis of angiography and the clinical course oí 
renal function and hypertension. The severity of the stenosis and an appraisal of 
he possibility for safe correction were also taken into account. 
[n the 24 patients in whom antihypertensive drug treatment was extended, dias-
tolic blood pressure decreased three months after diagnosis of the stenosis. In 
эпіу one of these patients was the graft actually lost due to the vascular 
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complication. Four other grafts were lost due to chronic rejection that may very 
well have been responsible for the hypertension of their hosts (11). In the other 
patients, both blood pressure and the number of antihypertensive drugs de-
creased with time. This phenomenon of a decrease in blood pressure with time 
after renal transplantation has been demonstrated before (8). Patients with native 
kidneys in situ needed a higher number of antihypertensive drugs three months 
after diagnosis than those without their own kidneys. This suggests that the 
presence of host kidneys at least partly contributed to the hypertension of these 
patients (3, 8, 17). It also supports the view that a stenosis that is diagnosed 
with angiography is not necessarily the cause of hypertension. A renal allograft 
artery stenosis may be present without causing hypertension (7, 9). Another 
explanation is that some patients may have had a false positive angiography 
(14), showing a stenosis while the hypertension, that was the reason for angio-
graphy, may have been caused by the presence of host kidneys or be the conse-
quence of damage to the allograft following rejection episodes. Correction of the 
stenosis in those patients probably would not have improved the hypertension 
but only have exposed them to the risks of intervention. 
In six patients PTA initially improved the stenosis; however, restenosis occurred 
in two of them four months and one year after PTA. Although the number of 
patients undergoing PTA in our study was relatively small, the results of PTA 
were rather disappointing. Other studies report incidences of serious complic-
ations of PTA such as dissection and thrombosis of 7 % to 28 % (1, 5, 12, 14). 
Failure to correct the stenosis is reported to range from 19 % (12) to 50 %-(14). 
Graft loss as an immediate result after PTA is also widely reported, ranging 
from 0 % (12) to 20 % (14). These varying results may be due to differences 
in the position of the stenosis. Stenoses that are located distally from the 
anastomosis may be more suitable for correction by PTA than those located at 
the anastomotic site (2, 6). In our series patients were selected on the basis of 
the angiography for either PTA or surgical correction. PTA was only performed 
when there was a short stenosis that was not located at the anastomotic site. 
This never led to graft loss, and six stenoses (66%) were initially improved by 
PTA. Restenosis and thrombosis, however, appeared as a complication rather 
frequently. 
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After resection and reimplantation, thrombosis occurred only once. Surgical 
correction with vein patch angioplasty twice resulted in graft loss due to 
thrombosis. Restenosis occurred once. In the eight patients in whom a venous 
bypass graft was used, postoperative bleeding or thrombosis necessitating 
reoperation was a frequent complication. Eventually three of these grafts were 
lost to thrombosis of the graft. As in other studies, the number of complications 
and graft losses was relatively high in patients in whom a venous bypass grafi 
was used (10). Although the three surgical procedures used are not real 
alternatives and the local anatomical situation may necessitate bypass-grafting, 
we suggest that this type of correction be avoided if possible. Reimplantation, 
with or without interposition grafting, or vein patch angioplasty, when 
appropriate, seems to be the treatment of first choice in those cases where either 
of these methods can be used. 
Of the seven grafts lost after surgery, one was lost due to rejection thus rende-
ring the incidence of graft loss as a result of surgery itself 20 % (6/30). Others 
have reported incidence of graft loss after surgery varying from 0 % (14) to 20 
Jo (6). In some of these series no venous bypasses were used which may partly 
îxplain our comparatively high incidence. After successful correction of a renal 
artery stenosis, blood pressure and the number of antihypertensive drugs 
necessary to control blood pressure decreased significantly. Renal function, as 
determined with serum creatinine levels, also improved and blood pressure 
decreased slightly more with time. 
[n conclusion, in patients with a mild to moderate stenosis of the renal allograft 
artery, it is possible to control blood pressure with antihypertensive drugs. 
Moreover, a stenosis on angiography may not always be the cause of hypertensi-
on and, thus, correctional intervention may subject some patients to complicati-
ons of intervention without any chance of improving their hypertension. As in 
other renal transplant recipients, in patients with allograft artery stenoses that dc 
not actually endanger renal allograft perfusion, blood pressure decreases in time 
after transplantation, warranting an anticipatory policy in these cases. 
As we did not encounter any graft losses as an immediate result of PTA, this 
can be the therapy of first choice, if technically possible, when a correction is 
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indicated. Complications, however, are not rare and surgical rescue therapy 
should be anticipated. After PTA patients should be carefully monitored for 
recurrence of the stenosis. When PTA is not possible or does not sufficiently 
dilate the stenosis and surgical correction is indicated, it seems best, if possible, 
to perform arterial reimplantation or vein patch angioplasty rather than to bypass 
the stenosis with a venous bypass graft. 
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CHAPTER 5 
ECHO-DOPPLER DIAGNOSIS OF RENAL ALLOGRAFT 
ARTERY STENOSIS 
J.W.S. Merkus, A.J. Hoitsma, W.N.J.C. van Asten, C.J.A.M. Zeebregts, J.A. van 
der Vliet, S.P. Strijk, R.A.P. Koene, S.H. Skotnicki 
(submitted) 
Abstract 
For the diagnosis of allograft artery stenosis in recipients of a renal transplant with hypertension 
a non-invasive investigation like echo-Doppler is preferable over invasive methods like angio-
graphy. Therefore we analysed our experience with echo-Doppler diagnosis of renal allograft 
artery stenosis. In 131 renal transplant recipients with hypertension echo-Doppler examinations 
were performed. During the examinations renal iliac ratio (R1R) and local velocity increase in the 
stenosis (LVI) were measured. Inlrarenal Doppler spectra were quantitatively analysed with a 
user-wriitcn program, which calculates parameters, that are descriptive of the Doppler spectrum. 
Four patients showed signs of iliac artery stenosis. In 12 patients a stenosis was suspected on 
echo-Doppler examination on the basis of one or more of the following criteria: LVI>3 (n=7), 
perivascular bruit (n=9), and a qualitatively judged post-stenotic Doppler spectrum (n=8). In eight 
of these 12 patients angiography was performed. All these showed a stenosis, six of which had 
more than >75% stenosis. In eight patients with normal echo-Doppler findings angiography was 
performed because of highly suggestive clinical signs. In seven of these no stenosis was found 
and in one a 50% stenosis was found. Comparison of intrarenal Doppler spectra from patients 
with (n=6) and without severe (>75%) stenosis on angiograpy (n=10) showed significant 
differences in several Doppler parameters. The best differentiation between patients with and 
without significant stenosis in this series was obtained with RI, PI, and upward slope at cut-off 
values of 0.5, 0.75 and 1.5 m/s1, respectively. Automated quantification of post-stenotic 
characteristics of intrarenally obtained Doppler spectra enables accurate identification of patients 
with a severe stenosis of the renal allograft artery. 
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Introduction 
hypertension is a common complication after renal transplantation with a 
•eported prevalence of 20% to S0%12. Besides renal allograft artery stenosis, 
папу risk factors for hypertension after renal transplantation (presence oí 
lost kidneys, original renal disease, rejection, cyclosporin immunosuppressi-
эп) have been identified1"3. The prevalence of renal allograft artery stenosis in 
Dur center is approximately 5%4. Because renal allograft artery stenosis is 
эгітагііу correctable and may be a threat to renal function, proper diagnosis 
sf this cause of hypertension and renal transplant dysfunction is important, 
Піе gold standard for its diagnosis is angiography. Apart from being an 
nvasive test, it additional-ly requires the administration of potentially 
lephrotoxic contrast agents in patients with often already compromised renal 
function. Moreover, the relatively low prevalence of renal artery stenosis as a 
;ause of hypertension does not justify performing angiography in all patients 
with hypertension. Echo-Doppler examination allows non-invasive identifica-
ion of vascular stenosis. In search for arterial stenosis of native and trans-
slanted kidneys several echo-Doppler studies have been performed5,6. The 
ipplied Doppler criteria and the reported results vary. Therefore we retrospec-
ively analysed our experiences with echo-Doppler identification of renal 
illograft artery stenosis and evaluated the applied methods, to select the mosl 
suitable criteria for future use in diagnosing renal allograft artery stenosis. 
Patients and Methods 
Patients with hypertension (>90 mmHg diastolic blood pressure) or with anti-
íypertensive medication in whom a renal allograft artery stenosis was 
clinically suspected were included in the study. Echo-Doppler examinations 
were performed with a Toshiba SSA-270-A color duplex scanner (Toshiba, 
Tokyo, Japan). The probe (3.75 Mhz) was placed laterally from the operation 
»car so that the kidney allograft was visualised. The B-mode image with 
;olor-coded Doppler representation was used to locate the intrarenal arteries. 
Dccasional color representations of a bruit in the area of the renal allograft 
irtery were used as indications towards the location of a stenosis. Angle 
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corrected blood velocities in the iliac artery and renal allograft artery were 
measured. The angle between the artery under investigation and the insona-
ting ultrasound beam was kept smaller than 60 degrees at all times. Increases 
in local blood velocity were quantified by dividing the blood velocity in the 
stenosis by that proximal to the stenosis (LVI = local velocity increase). The 
ratio between renal artery velocity and iliac artery velocity (RIR = Renal/Iliac 
ratio) was also calculated. During each examination Doppler spectra of the 
large branches of the renal artery (segmental arteries) distal to the hilum of 
the allograft were obtained. Doppler spectra were digitally stored on a 
personal computer for off-line analysis. A user-written program calculates a 
maximum frequency curve from the spectrum for the positive and negative 
frequency shifts separately. The program then derives from these curves 
several parameters that characterize the waveform7,8. The parameters include 
parameters in the frequency and the time domain, as well as the Resistance 
Index (RI)9 and the Pulsatility Index (PI)10. A Doppler spectrum from a 
segmental artery and the derived parameters from the maximum frequency 
curve is shown in Figure 1. The acceleration of the systolic deflection 
(upward slope) is calculated from the tangent of the rising part of the systolic 
deflection and corrected for the Doppler angle. The Acceleration Index (AI) 
was calculated according to the method described by Handa et al.". The 
presence of a stenosis was suspected on echo-Doppler examination when 
color representation of tissue vibration around the stenosis was seen (perivas-
cular bruits), when an increase in local blood velocity of more than three 
times the pre-stenotic value was found12,13, and/or when the investigator 
judged the intrarenal Doppler waveform to be post-stenotic, compared to the 
usually observed waveform. The indication for angiography was independent 
of echo-Doppler findings. Clinical suspicion of stenosis, the severity of 
hypertension, and decrease of renal function were reasons for angiography. 
Retrospectively the findings of echo-Doppler examination were compared to 
the findings of angiography if available. Patients were divided in three 
groups: those in whom no angiography was performed, those without a 
hemodynamically significant stenosis on angiography and those with a 
significant stenosis on angiography (>75% lumen reduction). Subsequently an 
analysis was performed to determine which of the measured parameters was 
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the best suitable quantitative criterium for the diagnosis of renal allograft 
artery stenosis with echo-Doppler examination. 
3-,- frequency (kHz) 
Figure 1. Doppler spectrum from a segmental artery with maximum frequency curve and 
descriptive parameters. Legend: Fmax = maximum systolic frequency shift; Fdia = diastolic 
frequency shift; Tmax = acceleration time of the systolic deflection; upward slope = acceleration 
time of the sysiolic deflection; mean = mean frequency shift during one heart cycle. 
All values are shown as median and range. Statistical analysis was performed 
with Mann-Whitney U-test. P<0.05 was considered significant. 
Results 
Between October 1989 and October 1992, 131 patients were referred to the 
clinical vascular laboratory because of clinical suspicion of renal allograft 
artery stenosis. All patients had diastolic blood pressures above 90 mmHg or 
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used one or more antihypertensive drugs. In 63 patients a rise in serum 
creatinine level of more than 20% above their préexistent level had occurred. 
In four patients abnormal Doppler findings indicated the presence of stenosis 
of the iliac artery. These four were excluded from this analysis and have been 
reported elsewhere14. In 12 patients one or more abnormal Doppler findings 
were noted: An increase in local blood velocity of more than three times the 
pre-stenotic value was found in seven patients, random color allocation was 
seen in nine cases, and the intra-renal Doppler spectrum was qualitatively 
judged to be post-stenotic by the investigator in eight cases. Echo-Doppler 
examination was normal in 115 of the 131 patients. 
In the 115 patients with normal Doppler examinations, angiographies were 
made in eight cases because clinical symptoms were highly suggestive for 
renal allograft artery stenosis. One of these angiographies showed a 50% 
stenosis in one of the two renal arteries. The others were without stenotic 
lesions. In the patients in whom no angiography was performed clinical 
symptoms did not increase during follow up and in none of these patients a 
stenosis was diagnosed within six months after echo-Doppler examination. 
In the 12 patients with abnormal Doppler examinations eight angiographies 
were performed. In all these cases angiography showed a stenosis. The 
reasons for not performing an angiography in the other four patients were 
diverse. One patient died before angiography. Another patient had a concomi-
tant diagnosis of chronic rejection and arterial reconstruction was not antici-
pated. In the third patient, renal function improved and hypertension decrea-
sed after therapy for a biopsy proven severe vascular rejection. In the fourth 
patient it was decided to treat hypertension with antihypertensive medication 
alone. These four patients were excluded from further analysis. Figure 2 
gives an overview of the allocation of the patients to the different groups. 
The patients were then divided in three groups: In 107 patients, none of 
whom had echo-Doppler signs of renal allograft artery stenosis, no angiograp-
hy was performed. Of the 16 patients who underwent angiography, 10 
showed no significant stenosis (seven had no stenosis and three had 50-75% 
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Stenosis), and six patients had a hemodynamically significant (>75%) steno­
sis. Table 1 shows the comparison of Doppler measurements between these 
groups. Between the "no angiography"-group and the "<75% stenosis"-group 
there were no significant differences. Highest median values of local velocity 
increase (LVI), renal/iliac ratio (RIR), and the acceleration time of the 
systolic deflection (Tmax) were found in the six patients with a >75% 
stenosis. A lower median value for the systolic frequency shift (Fmax) was 
found. These values were significantly different from the "no angiography"-
group. Median values for the upward slope, the acceleration Index (AI), the 
Resistance Index (RI), and the Pulsatility Index (PI) were significantly lower 
when compared to the "no angiography"-group and also when compared to 
the "<75% stenosis"-group. 
ecbo-Doppler 
examination 
η = 131 
\ 
echo-Doppler 
findings 
stenosis 
η = 12 
iliac artery 
stenosis * 
n = 4 
normal 
η = 115 
no 
angiography angiography 
A n = 4 *l 
n = 8 
6x >75% stenosis 
2 χ <75% stenosis 
n = 8 
1x50% stenosis 
7x no stenosis 
4 η = 107 1 
Figure 2. Overview of allocation of evaluated patients to different groups. * indicates patients 
excluded from ihe analysis Bold letters indicate the "no angiography'-group; letters in italics 
indicate the "<75% stenosis'-group. 
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Table 1. Comparison of Doppler parameters and severity of stenosis. 
LVI 
RIR 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
upward slope (m/s2) 
Acceleration Index (m/s2) 
Resistance Index (RI) 
Pulsatility Index (PI) 
No 
angiography 
(n=107) 
1.1 
(0.75-2.2) 
Angiography 
<75% stenosis 
(n=10) 
1.0 
(0.72-1.4) 
>75% stenosis 
(n=6) 
1.2 
(1.0-3.1) 
2.0 
(0.7-12.0) 
1521 
(603-3286) 
538 
(231-1476) 
115 
(45-213) 
3.7 
(1.0-8.7) 
2.2 
(0.7-7.8) 
0.64 
(0.48-0.84) 
1.2 
(1.1-3.0) 
3.2 
(1.5-5.1) 
1703 
(835-2235) 
623 
(366-1064) 
130 
(46-216) 
3.9 
(2.2-6.7) 
2.3 
(0.9-3.4) 
0.59 
(0.52-0.74) 
2.5* 
(1.1-4.3) 
4.6' 
(1.3-5.8) 
1210" 
(785-1700) 
699 
(428-1076) 
152' 
(113-188) 
1.2" 
(0.6-1.8) 
0.8'* 
(0.5-1.4) 
0.41 " 
(0.36-0.49) 
0 . 5 7 " 
(0.47-0.72) 
Mi values arc displayed as median and (range); " P<0.05 Mann-Whitney U-test for two 
groups when compared to "No angiography"-group. * P<0.05 when compared to "<75% 
!tenosis"-group; LVI = Local velocity increase; RIR = Renal iliac artery ratio; foi 
ïxplanation of other parameters see figure 1. 
Го analyse which Doppler parameter is most suitable to identify a significan) 
stenosis, the differentiating capabilities of the Doppler parameters at appropri­
ate cut-off values was appraised. The results of this analysis are shown in 
table 2. LVI, RIR, and Tmax can identify part of the severe stenoses bul 
several patients in the other two groups have also high values of these 
parameters. Decreasing the cut-off value did not improve the results. The 
upward slope and acceleration index (АГ) identify all but one of the patients 
with severe stenoses, without many patients of the two other groups fullfilling 
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the criterium. The RI and PI are low in all patients with severe stenosis and 
very few low values are found in the two other groups. 
Table 2. Comparison of Doppler parameten at specific cut-off values for the diagnosis of 
renal allograft artery stenosis. 
Cut-off values 
LVI>3 
RIR>3 
Tmax >160 (ms) 
upward slope <1.5 (m/s2) 
AI <l.O (m/s2) 
RI<0.5 
PI < 0.75 
No 
angiography 
(n=107) 
2(2%) 
9(8%) 
20 (19%) 
4(4%) 
5(5%) 
3(3%) 
0(0%) 
Angiography 
<75% stenosis 
(n=10) 
0(0%) 
5 (50%) 
3 (33%) 
0(0%) 
3 (33%) 
0(0%) 
1 (10%) 
>75% stenosis 
(n=6) 
3 (50%) 
4 (67%) 
3 (50%) 
5 (83%) 
5 (83%) 
6 (100%) 
6 (100%) 
Numbers indicate the actual number in each group; Values between parentheses are 
percentages. LVI = Local velocity increase; RIR = Renal iliac artery ratio; AI = Accelera-
tion Index; Other Doppler parameters are explained in figure 1. 
In five of the six cases with an angiographically significant stenosis it was 
decided to correct the stenosis. This decision was based on the severity of 
clinical symptoms (hypertension and renal dysfunction) and the severity of 
the stenosis on angiography (>75% reduction). In the sixth patient an attempt 
to correct hypertension with extended antihypertensive drug dosage was 
successful. It was in this patient that upward slope and acceleration index 
were above the cut-off value for a severe stenosis, so that this patient was not 
identified by Doppler spectrum analysis as having a severe stenosis. 
Correction was performed surgically in three cases, and in two percutaneous 
transluminal angioplasties (PTA) was performed. Renal function improved 
and hypertension decreased immediately after the correction in all five 
patients. Echo-doppler examinations after successful correction showed a 
return to normal intrarenal Doppler spectra. Figure 3 illustrates the pre- and 
post-correction (PTA) intrarenal Doppler spectra of one of these patients. 
-79-
А В 
Figure 3. A. Digital subtraction angiography of a renal allograft artery stenosis with th 
concomitant Doppler spectrum. Note the decreased pulsatility and the slowed systolic upstrok 
(upward slopc=1.0 m/s2; AI=0.98 m/s2; RI=0.49; PI=0.72) 
B. Digital subtraction angiography after percutaneous transluminal angioplast 
with the concomitant Doppler spectrum. Note the return to normal pulsatility and systolic ris 
time (upward slope=2.9 m/s2; АЫ.78 m/s2; RI = 0.63; PI=1.23). 
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Discussion 
Several studies have been performed on the non-invasive detection of renal 
artery stenosis. In earlier studies the emphasis has been on the detection of 
intrastenotic velocity increase. In hypertensive patients the arteries of native 
kidneys were searched for high peak systolic velocities and high ratios of 
peak systolic renal velocity to peak systolic aortic velocity (Renal/Aortic 
Ratio: RAR). The reported results vary widely1116, probably due to difficulties 
in visualizing the entire renal artery and the actual site of a stenosis5. Animal 
studies, however, have reported close associations between renal artery 
diameter reduction and Doppler waveforms obtained distal to a stenosis. 
Wood and Nasmyth17 reported a non-linear relation between the degree of 
canine renal artery stenosis and post-stenotic Doppler waveforms: A sudden 
drop of PI occurred with a stenosis of more than 78%. Lafortune et al.18 
reported a decreased RI and Acceleration Index (AI) in the intrarenal arteries 
distal to a artificially induced stenosis of 75-90% in canine renal arteries. The 
appraisal of post-stenotic Doppler characteristics was applied in clinical 
studies more recently by Handa et al.11. They reported a decrease in systolic 
acceleration and a decrease in Systolic/Diastolic ratio of Doppler spectra 
distal to a renal artery stenosis. Other studies focussing on intrarenal artery 
waveforms reported a decreased AI and decreased RI ,9. In the study of 
Stavros et al.20 a decreased AI, increased acceleration time and pattern 
changes in all cases of severe diameter reduction was found. In renal trans-
plantation similar criteria for the detection of allograft artery stenosis have 
been used. An increased systolic velocity in the course of the renal allograft 
artery, and high Renal/Iliac Ratio (RIR) have been reported613,21"23. Decreased 
peak frequency distal to the stenosis24, increased acceleration time, and 
decreased RI distal to a stenosis have also been reported14. 
In our present study a local velocity increase of more than 3 was found in 
three of the patients with angiographic stenosis > 75%, but also in 2 patients 
without a documented stenosis. Renal/iliac ratio (RIR) was >3 in 4/6 patients 
with severe stenosis, 5/10 with <75% stenosis, but also in 9/107 without 
stenosis. Quantification of intra-stenotic velocity increases thus yielded 
disappointing results in the identification of patients with a stenosis. On the 
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other hand, in agreement with the results of recent reports on intrarenal, post-
stenotic Doppler characteristics (Tmax, AI) these characteristics indicated the 
patients with a severe stenosis more accurately. It is our experience that, 
although vizualization of the renal allograft is usually easier than in native 
kidneys, arterial tortuosity may make it difficult to accurately measure local 
velocity increases and the actual Doppler angle throughout the renal artery. 
Similar experiences have been reported by others22. Post-stenotic Doppler 
spectrum characteristics, similar to those reported in native kidney arterial 
stenosis, are more easily to obtain and allow more accurate identification. 
Cut-off values, however, appear to be different. Stavros et al20 use a cut-off 
value of 70 ms for the acceleration time and 3.0 for the AI. In our experience 
the acceleration time is longer and the AI and upward slope are lower in the 
normal transplanted kidney, most probably due to its extra-anatomic position 
in the iliac fossa, at greater distance from the heart and with a smaller 
difference in diameter between supplying artery (abdominal aorta and iliac 
artery, respectively) and renal artery. In this series a cut-off value for the AI 
of the renal allograft artery for the identification of severe stenoses of 1.0 
m/s2 for AI and of 1.5 m/s2 for the upward slope is more appropriate. In the 
echo-Doppler examination of the transplanted kidney, the use of the cut-off 
values determined in native kidneys would lead to more false positive results. 
Middleton states that the approach to use post-stenotic waveform identificati-
on is promising, but he expresses concern about the reproducibility, especial-
ly regarding the determination of the start and the end of the systolic deflecti-
on of the waveform5. The AI was calculated by Handa et al." by identifying 
the start of the waveform and draw a line from that point to the top of the 
waveform. The upslope of this line is the AI". Our computer program 
calculates the maximum slope of the upstroke of the waveform. In the present 
series, this calculation appears to provide better identification of severe 
stenosis than the AI. An additional advantage of this automated analysis is 
the standardized calculation of the start and end of the systolic deflection, 
which diminishes the inter- and intraobserver variability in the determination 
of these points. 
The diagnosis of less severe stenosis is the subject of considerable discussi-
on5. A stenosis of 50-75% may cause an increase in local blood velocity 
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without effect on the downstream Doppler waveform. After human kidney 
transplantation diagnosis of these less severe stenotic lesions are probably of 
less importance. There is agreement on the fact that correction of a stenosis is 
only justified with a reasonable expectation of success to improve hypertensi-
on and renal function4,25·26. Because many other factors influence hypertension 
after renal transplantation and correction is not without danger to the allo-
graft, only severe stenoses are corrected in most centers. Roberts et al. 
suggest that in order to improve results of correctional intervention, the 
physiological significance of a stenosis should be demonstrated prior to 
proceeding with an intervention that may present a risk to the transplanted 
kidney25. The identification of decreased pulsatility of intrarenal Doppler 
spectra and decreased systolic upward slope may be regarded as a physio-
logical measure of the hemodynamic results of an upstream stenosis. 
Although in our series the decision to correct a stenosis was made on clinical 
grounds, it appears that in all these cases intrarenal Doppler parameters 
showed the lowest values for post-stenotic Doppler parameters. 
As in the diagnosis of native kidney arterial stenosis, echo-Doppler examina-
tion of renal transplant arterial stenosis, with characterization of post-stenotic 
Doppler parameters is a valuable diagnostic tool, which may in the future 
also serve as a guide in the decision whether correction of a stenosis should 
be attempted. 
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CHAPTER б 
ILIAC ARTERY STENOSIS AFTER KIDNEY 
TRANSPLANTATION: ECHO-DOPPLER DIAGNOSIS 
Í.W.S. Merkus, W.N.J.C. van Asten, A.J. Hoitsma, F.G.M. Buskens, R.A.P 
Koene, S.H. Skotnicki. 
Acta Chir Belg 1993; 93: 242-248 
abstract 
In human kidney transplantation hypertension and renal dysfunction are common complications. 
Diagnosis of vascular involvement may frequently be necessary. Although iliac artery stenosis is 
ι rare complication after renal transplantation, it can be the cause of hypertension and renal 
iysfunction. Because echo-Doppler examination is a repeatable non-invasive technique, it may 
jrovidc a useful tool in establishing a diagnosis of iliac artery stenosis in patients with hyperten­
sion and/or renal dysfunction. We present four cases of iliac artery stenosis in kidney allograft 
"ecipients. Echo-Dopplcr examination was used in these patients to detect and localize the 
¡tcnosis. Quantitative analysis of Doppler spectra was used to compare the Doppler spectrum 
waveforms obtained from both femoral arteries and from the kidney allograft arteries of these 
patients with the normal range. This normal range was determined from Doppler spectra obtained 
η a control group of 21 kidney allograft recipients. Clinical data, arterial DSA, and the outcome 
)f treatment were used to validate Doppler findings in the patients with iliac artery stenosis 
Quantitative analysis of Doppler spectra showed differences between the femoral artery on the 
iffectcd side and the contralateral side outside the normal range. In three patients the iliac artery 
itenosis was located proximal from the anastomosis with the kidney allograft artery and in these 
iiree patients Doppler parameters obtained from the allograft artery were also outside the normal 
~ange. In one patient the stenosis was located distally from the anastomosis with the kidnej 
illograft artery. In this case Doppler spectra from the kidney allograft artery were within the 
normal range. In two patients the clinical course necessitated correction of the stenosis. Renal 
function and Doppler spectra from the arteries normalized after correction. In conclusion 
:omprehcnsive use of echo-Doppler examination with quantitative analysis of Doppler spectrs 
enables accurate non-invasive diagnosis and localization of iliac artery stenoses in kidne) 
illograft recipients and facilitates selection of the appropriate clinical approach. 
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introduction 
Vascular complications after kidney transplantation are not uncommon. Renal 
utery stenosis and renal vein thrombosis have been frequently reported 1 0 , 1 3 . 
another hazard to the circulation of the kidney allograft is the occurrence ol 
m iliac artery stenosis, which is only scarcely reported in the literature '•6'8. 
[n not transplanted patients an iliac artery stenosis may cause intermittent 
claudication. In transplanted patients an iliac artery stenosis proximal to the 
mastomosis with the allograft artery may also jeopardize renal function and 
cause hypertension. Because atherosclerotic disease is not uncommon in 
patients with end stage renal failure8, iliac artery obstructive disease may 
ndeed threaten kidney allografts after transplantation. In kidney allograft 
•ecipients encountering deterioration of renal function in combination with 
lypertension and/or intermittent claudication, diagnosis of the cause of renal 
dysfunction is important. Detection and localization of an iliac artery stenosis 
nay exclude or indicate a possible stenosis as a cause for renal dysfunction 
ind be helpful in the determination of the diagnostic and therapeutic steps 
;hat are to be taken in these patients. Arteriography is the gold standard foi 
diagnosis of these stenoses. However, this requires catheterization and 
contrast injection, which makes this an invasive and potentially nephrotoxic 
technique. Echo-Doppler examination provides a non-invasive technique tc 
issess arterial hemodynamics and has been shown to allow localization ol 
stenosis in the aorto-iliac tract2,7. It may thus be a useful tool in the diagnos­
tic workup of patients with intermittent claudication and/or deterioration ol 
renal function after transplantation. We present four cases of kidney allograft 
•ecipients in whom iliac artery stenoses of different etiology were diagnosed 
ind localized using echo-Doppler examination. In two patients the clinical 
signs of the diagnosed stenosis were the indication for correctional interventi-
эп. 
Patients and methods 
Recipients of a kidney allograft were examined with a color duplex scannei 
[Toshiba SSA-270-A) when an iliac artery stenosis was suspected. During the 
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examination the kidney allograft was visualised in the iliac fossa using the 
3.75 Mhz sector probe. The B-mode image, with color coded Doppler 
representation, was used to guide the Doppler sample volume. Doppler 
spectra of segmental arteries of the allograft were obtained and stored using a 
computer program developed in our vascular laboratory3. Also Doppler 
spectra from both common femoral arteries, obtained with a 5 Mhz linear 
array probe, were stored. When acquiring Doppler spectra from both femoral 
arteries the angle between the artery and the insonating Doppler beam was 
kept equal on each side. From the Doppler spectra a maximum frequency 
waveform was determined and subsequently several parameters that characte-
rize the waveform were calcu-lated3,4' ". Among these are the maximum 
frequency shift (Fmax), the acceleration time of the systolic deflection of the 
waveform (Tmax) and the Resistance Index (RI). In previous studies of 
Doppler spectrum analysis of the common femoral artery, decreases in Fmax 
and RI and an increase in Tmax have been shown to be characteristic for 
post-stenotic waveforms3,7. Figure 1 schematically shows the sites of Doppler 
spectrum obtainment and representative Doppler spectra that were obtained 
from one of the patients that were used as a control group. This control group 
consisted of 21 patients without claudication and stable kidney allograft 
function. In these patients Doppler spectra of the femoral arteries and of 
intrarenal arteries were obtained in the same way as described above. Spectra 
from the femoral artery from the side of the allograft (= ipsilateral) and from 
the contralateral side were compared by subtracting the Doppler derived 
parameters Fmax and Tmax of the contralateral side from those of the ipsi-
lateral side. In this way normal values for the difference between ipsilateral 
and contralateral femoral artery were determined. Also normal values were 
determined for the Doppler spectrum derived parameters Tmax and RI from 
the segmental arteries of the allograft. Upper and lower limits for the normal 
values of these parameters were determined by the mean value + 2 SD. Four 
cases of patients with an iliac artery stenosis are described and the Doppler 
spectra that were acquired during the examinations are shown. Doppler 
spectra obtained from these patients are quantitatively compared to those of 
the control group. Colour duplex findings were validated with clinical data, 
angiography, and the outcome of therapy. 
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Fig 1.Schematica] overview of the sites of Doppler spectrum obtainment. A. Segmental artery of 
the renal allograft. B. Ipsilateral femoral artery. G Contralateral femoral artery. 
Results 
Because of clinical suspicion of an iliac artery stenosis, four recipients of a 
kidney allograft were examined with echo-Doppler in 1991. In two patients 
(cases 1 and 3) intermittent claudication was the initial complaint. In the 
other patients (cases 2 and 4) immediate postoperative signs gave rise to the 
suspicion of iliac artery stenosis. Because reports about this complication 
after renal transplantation are scarce and Doppler spectra are illustrative in 
these cases, the four cases are described below. 
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Case report 7. A 39 year old man recei-
ved a renal transplant in May 1968. The 
right kidney allograft was placed in the left 
¡Нас fossa. After the transplantation no 
major complications occurred except hyper­
tension that could be controlled with 2 to 3 
antihypertensive drugs. In October 1991, 23 
years after the transplantation the patient 
jeveloped intermittent claudication, predo­
minantly in the left leg, with a walking 
distance of over 200 meters. Serum creatini­
ne level was 84 umol/1. Echo-Doppler 
jxamination showed a marked difference in 
flow patterns of the femoral arteries, but a 
normal flow pattern was seen in the arteries 
jf the kidney allograft (Fig 2.). Ankle/Bra-
ihial pressure indices at rest 
Fig 2. Doppler spectra obtained from patient 
1. Capitals refer to the site of obtainment as 
¡hown in Fig 1. 
were 0.61 and 0.81 in the left and right leg 
respectively. Segmental pressure measure-
ments and Doppler spectrum analysis frorr 
the femoral arteries 3 showed the arteria 
stenoses on the left side to be localized ir 
the aorto-iliac tract and on the right side ir 
the femoro-popliteal tract Because rena! 
function remained stable and the claudica-
tion was not disabling, the patient was advi-
sed to maintain walking training. No furthei 
intervention was necessary up till 12 months 
after diagnosis. 
Case report 2. A 50 year old man recei-
ved a right kidney from a living relatée 
donor in February 1991 after being on he-
modialysis for two years for end stage renal 
disease. Physical examination before trans-
plantation showed no abnormalities. The 
kidney allograft was placed in the left iliac 
fossa with end-to-side anastomoses with the 
iliac vessels. During operation the recipients 
common iliac artery proved to be severely 
atherosclerotic and the arterial anastomosis 
was constructed on the external iliac artery. 
In the first 24 hours after transplantation 
diuresis amounted to 1900 ml. The next day, 
the left leg was white and felt colder than 
the right leg. A systolic bruit was heard ovet 
(he kidney allograft and the left femoral 
artery. Peripheral pulsations in the left leg 
were absent although present before opera-
tion. Diuresis was over 2 liters per 24 hours. 
Nuclear scan showed good perfusion of the 
allograft and excretion of contrast. Echo-
Doppler examination showed an impaired 
flow pattern in the kidney allograft arteries 
and also a marked difference in patterns be-
tween the left and right femoral artery (Fig 
3. series I). Ankle/Brachial pressure index 
on the left side was 0.58 at rest. Arterio-
graphy showed a dissection of the left exter-
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nal iliac artery proximal to the anastomosis 
with the renal artery. Intrarenal arteries sho-
wed no abnormalities. An expectant policy 
was adopted and the patient could be di-
scharged 11 days postoperatively with stable 
graft function and no ischemic complaints of 
the leg. In the following months biopsy 
proven rejection of the allograft was suc-
cessfully treated. Renal function remained 
stable thereafter. Peripheral pulsations of the 
left leg remained absent, whereas the bruit 
over the left side of the abdomen became 
less loud. Nine months after the transplanta-
tion Ankle/Brachial pressure indices of the 
Fig 3. Doppler spectra obtained from patient 
2. Capitals refer to the site of obtainment as 
shown in Fig 1. Series I: Doppler spectra 
obtained at the time of detection. Series II: 
Doppler spectra obtained after 9 months. 
left leg were 0.71 and 0.49 at rest and after 
exercise respectively. Values of the right leg 
were normal. The Doppler spectra obtained 
at this time are shown in Fig 3 (series ID-
Intermittent claudication had disappeared 
completely 12 months after transplantation. 
Case report 3. A 55 year old woman 
received a renal transplant in August 1988 
after being on hemodialysis for one year. 
Preoperative X-rays of the abdomen had 
shown extensive calcification of the aorto-
iliac tract and therefore segmental pressure 
measurements of both legs were performed. 
Ankle/Brachial pressure indices were normal 
and analysis of Doppler spectra of the femo-
ral arteries (3 showed no signs of aorto-iliac 
tract stenosis. The left kidney of a 30 year 
old donor was transplanted in the right iliac 
fossa. In the first year after transplantation 
the patient suffered from two successfully 
treated rejections and from severe pneumo-
nia, for which mechanical ventilation supp-
port was necessary. She also suffered from 
angina pectoris (NYHA class II/IV) and the 
electro-cardiogram showed signs of coronary 
insufficiency. One year after transplantation 
serum creatinine level was 80 umol/l, but it 
slowly increased in the following year to 
124 umol/l. Three years after the transplan-
tation the patient complained of intermittent 
claudication. A bruit was heard over the 
right side of the abdomen. Blood pressure 
had slowly increased from 150/90 to 200-
/100 mmHg. Serum creatinine level had 
remained stable on 127 umol/l. Initially the 
anti-hypertensive medication was extended. 
Two months later, however, serum creatinine 
levels and blood pressures were rising to a 
maximum of 177 umol/l and 180/110 mmHg 
with two anti-hypertensive drugs. Echo-Dop-
pler examination showed a marked diffe-
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Fig 4. Doppler spectra obtained from patient 
3. Capitals refer to the site of obtainment as 
shown in Fig 1. Series I: Doppler spectra 
obtained at the time of detection. Series II: 
Doppler spectra obtained after femoro-femo-
ral crossover bypass surgery. 
rence in Doppler spectra from the right and 
left femoral artery. Also the Doppler spectra 
from the arteries of the kidney allograft were 
consistent with a post-stenotic flow pattern 
(Fig. 4, series Г). Ankle/Brachial pressure 
index was 0.57 and 1.10 at the right and left 
leg respectively. Additionally Doppler spec­
trum analysis of the femoral arteries indi­
cated a stenosis in the right iliac tract 3. 
Because of the hypertension, the cardiac 
condition of the patient and her adipositas 
the most suitable operative correction was 
jugded femoro-femoral crossover bypass 
grafting. Pre-operative arteriography was not 
performed to avoid nephrotoxic effects of 
the contrast agent in the already jeopardized 
kidney allograft and because it would not 
alter the choice of surgical therapy. The ope­
ration was performed without complications. 
Serum creatinine fell from 177 umol/l on the 
day before operation to 123 umol/l on the 
day after operation. Repeat Echo-Doppler 
examination two weeks later showed nor­
malized Doppler spectrum patterns in the 
kidney allograft and the femoral arteries 
distal from the bypass (Fig 4, series II). The 
crossover bypass was open. Intermittent 
claudication had disappeared. 
Case report 4. A 43 year old man recei­
ved a renal transplant in November 1991 
after being on CAPD for 16 months. The 
right kidney of a 54 year old donor, who 
had died after a cerebrovascular accident, 
was transplanted in the left iliac fossa. Du­
ring operation it was noted that the aorta-
patch, from which two renal arteries arose, 
was severely sclerotic. After release of the 
vascular clamps bleeding at the anastomosis 
occurred, necessitating re-clamping and 
additional placing of several sutures. On the 
first day after transplantation dialysis was 
necessary and renal function improved slow­
ly during the first week. Blood pressures 
were 160/100 mmHg and could be lowered 
two 170/90 mmHg with atenolol 50 mg and 
nifedipine 40 mg. On the 9th day after trans­
plantation a bruit was heard over the left 
side of the abdomen. Echo-Doppler exami­
nation showed a marked left-right difference 
in the Doppler spectra of the femoral arteries 
and an impaired flow pattern in the kidney 
allograft arteries (Fig 5, series I)· consistent 
with a stenosis proximal п о т the anastomo­
sis with the renal arteries. Ankle/Brachial 
pressure indices were normal in the right leg 
and 0.81 and 0.57 at rest and after exercise 
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respectively, in the left leg. Doppler spec-
trum analysis3 indicated a stenosis in the 
aortoiliac tract. Because serum creatinine 
levels did not improve further than 317 um-
ol/l a biopsy was taken on the 15th day after 
transplantation. This showed extensive arte-
riolosclerosis of the donor kidney and no 
signs of acute rejection. Additionally, an 
arterial digital subtraction angiography was 
made to elucidate the nature of the iliac 
artery stenosis. There appeared to be a very 
short stenosis proximal to the anastomosis 
with the renal arteries which resulted in a 50 
% diameter reduction of the iliac artery. 
There was close to normal filling of the 
arteries of the allograft. The stenosis was 
attributed to a misplaced suture during the 
complicated transplantation procedure. Du-
ring the mobilisation period intermittent 
claudication worsened and the hypertension 
increased despite extension of the antihyper-
tensive medication. Correction of the iatro-
genic stenosis was indicated and successful-
ly performed with percutaneous transluminal 
angioplasty three months after the transplan-
tation. Interminent claudication disappeared, 
hypertension decreased and Doppler spectra 
normalized (Fig 5. series II). 
Fig 5. Doppler spectra obtained from pa-
tient 4. Capitals refer to the site of obtain-
ment as shown in Fig 1. Series I: Doppler 
spectra obtained at the time of detection. 
Series II: Doppler spectra obtained after 
correction of the iliac artery stenosis with 
percutaneous transluminal angioplasty. 
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Quantification of doppler spectra. The comparison of the Doppler parameters 
obtained from the femoral arteries and the kidney allograft arteries of these 
four patients with the normal values, obtained in the patients from the control 
group, is shown in table 1. All four patients had differences in Fmax (¿Fmax) 
and Tmax (¿Tmax) between the ipsilateral (= side of the allograft) and 
contralateral leg that were well outside the normal range, indicating the 
presence of iliac artery stenosis. The RI and Tmax that were obtained in the 
segmental arteries from the kidney allograft were outside the normal range in 
the patients in whom the iliac artery stenosis was located proximal to the 
anastomosis according to the arteriography (case 3 and 4) or the outcome of 
the operation (case 2). The patient in whom the stenosis was located distally 
to the anastomosis (case 1) had values of intrarenal RI and Tmax within the 
normal range. 
Table 1. Values of Doppler parameters from femoral and intrarenal arteries in the control 
group (n=21) (normal range) and in the four presented cases. 
Femoral arteries 
*Fmax (Hz) 
*Tmax (ms) 
Intrarenal artery 
RI 
Tmax (ms) 
normal range 
-500-400 
-14- 15 
0.55 - 0.76 
70- 180 
case 1 
-1550 
22 
0.64 
109 
case 2 
-2300 
100 
0.28 
280 
case 3 
-3800 
111 
0.46 
214 
case 4 
-2100 
56 
0.52 
210 
The normal range is determined from the mean ± 2SD. *Fmax = difference between Fmax 
(maximum systolic frequency shift) from the ipsilateral and contralateral femoral artery. 
*Tmax = difference between Tmax from the ipsilateral and contralateral femoral artery. RI 
= Resistance index. Tmax = acceleration time of the systolic deflection of the Doppler 
waveform. 
Discussion 
After renal transplantation an iliac artery stenosis that is located proximal to 
the anastomosis with the kidney allograft artery may jeopardize renal function 
and cause hypertension. The etiology of iliac artery obstructive disease may 
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je developing atherosclerotic disease (case 1), pre-existing atherosclerosis 
hat progresses (case 3) or that provokes iatrogenic dissection (case 2), oi 
зигеіу iatrogenic, resulting from a complicated transplantation procedure 
c^ase 4). In kidney allograft recipients developing renal dysfunction with 
ntermittent claudication and/or hypertension, the detection and localization ol 
in iliac artery stenosis is important to determine the appropriate clinical 
ìpproach. 
Mon-invasive techniques for assessment of the severity of vascular obstructive 
iisease are widely used. Segmental pressure measurements and Ankle/Brachi-
il pressure indices during rest and reactive hyperemia can provide estimations 
af the severity and location of a stenosis5. Additionally, computerized 
inalysis of Doppler spectra from femoral arteries can be used to replace 
intra-arterial pressure measurements for the detection of aorto-iliac stenoses3 
'. Post-stenotic Doppler waveforms are characterized by a prolonged accelera-
ion phase of the systolic deflection of the Doppler waveform (Tmax) and a 
decrease in Resistance Index3. These changes in Doppler spectrum waveform 
:ould be observed in our four patients in the common femoral artery of the 
ïffected leg. To determine whether a difference in Doppler spectrum wave-
Form in ipsilateral and contralateral leg is normal in kidney allograft reci-
pients we compared femoral artery spectra of 21 recipients without claudicati-
on and with normal graft function. In these 21 patients no difference in 
arterial Doppler spectrum waveform of the ipsilateral and contralateral 
femoral arteries could be found. A normal range for the difference in Dopplei 
jarameters between ipsilateral and contralateral femoral artery could be 
determined. The four patients with iliac artery stenosis had Doppler parametei 
differences between the femoral arteries outside the normal range. Also the 
waveform from arteries of the allograft in the three patients with an iliac 
irtery stenosis proximal from the arterial anastomosis with the kidney allog-
raft artery, had a low RI and a prolonged Tmax when compared to the 
lormal values. Also in the kidney allograft arteries the poststenotic charac-
:eristics, low RI and prolonged Tmax, are thus indicative for a stenosis 
эгохітаі to the place of obtainment and can be used to determine the 
location of an iliac artery stenosis in kidney allograft recipients. In the two 
satients in whom correction of the stenosis was performed (cases 3 and 4) 
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the Doppler spectra of the femoral artery and the intrarenal arteries normali-
zed after the correction. 
When the diagnosis of deteriorating kidney allograft function or hypertension 
was established as being iliac artery stenosis, the decision whether or not to 
correct this stenosis, was mainly dependent on the severity of the clinical 
signs. Further deterioration of renal function, uncontrollable hypertension, 
and/or disabling claudication necessitated correction in two patients. The two 
other patients kept stable renal function and claudication complaints diminis-
hed during walking training. We submit that once an iliac artery stenosis is 
found to be responsible for the presenting clinical signs, the decision to 
actually correct the stenosis can be dictated mainly by the clinical course. 
In conclusion, iliac artery stenosis has an extra dimension after kidney 
transplantation. The detection and localization of the stenosis, proximal or 
distal to the anastomosis with the renal artery, is important in determining 
whether iliac artery stenosis may be held responsible for hypertension or 
deteriorating renal function. Echo-Doppler examination can be applied 
successfully as a non-invasive technique for the detection and localization of 
iliac artery stenosis after renal transplantation. When the severity of the 
clinical signs (renal dysfunction, hypertension and/or claudication) necessita-
tes intervention, color duplex findings can be used as a guideline to whether 
additional diagnostic steps are to be taken and if so, which, more invasive, 
diagnostic tool (biopsy, arteriography) is to be used next. 
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CHAPTER 7 
ASSESSMENT OF HEMODYNAMIC CHANGES IN HUMAN KIDNEY 
GRAFTS INDUCED BY CYCLOSPORIN INFUSION 
J.W.S. Merkus, W.N.J.C. van Asten, A.J. Hoitsma, R.A.P. Koene, S.H 
Skotnicki. 
Transplant Int 1991; 4: 136-139 
Abstract 
Cyclosporin A (CyA) nephrotoxicity is at least partly caused by the vasoconstrictive action of the 
drug. In this study we set out to assess this hemodynamic effect of CyA on Doppler spectra 
obtained in arteries of human renal allografts. Doppler spectra of renal arteries were obtained 
shortly before and after the start of CyA infusion in renal transplantation recipients. 
Doppler spectrum analysis revealed a significant change of several spectrum derived parameters. 
Tmax (acceleration time of the systolic frequency peak), in particular, showed a decrease after 4 
hours of CyA administration (160 + 58 ms vs. 76 + 36 ms in segmenta] arteries (p<0.05)). On 
day two the Tmax returned to its original value (117 + 57 ms). Thus, Doppler spectrum analysis 
enables one to detect temporary hemodynamic changes in the transplanted kidney following CyA 
administration. These observations may be useful in differentiating causes of renal dysfunction by 
Doppler spectrum analysis in clinical transplantation. 
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introduction 
Cyclosporin A (CyA) is a potent immunosuppressive drug, that has improved 
survival results in transplantation9. In kidney transplantation its major draw-
эаск is nephrotoxicity, which, particulary in the early period after transplanta-
ion, may obscure other causes of renal dysfunction. Differential diagnosis 
ncludes acute tubular necrosis (ATN), acute rejection, thrombosis of the 
•enal artery and CyA nephrotoxicity. Differentiation between these causes oí 
•enal dysfunction is necessary because they require different therapeutic 
ipproaches. The major problem in assessing early dysfunction after transplan-
ation is the lack of reliable diagnostic procedures. Even with renal biopsy 
ìstablishing a proper diagnosis is often difficult. Moreover, a renal biopsy 
;annot be performed several times a week, as is sometimes necessary. 
Because of its non-invasive character echo-Doppler examination can be 
repeated indefinitely and may be a useful tool in this diagnostic dilemma. 
Although the pathogenesis of CyA nephrotoxicity is not quite clear there is 
ìvidence of increased renal vascular resistance1,4. As Doppler spectrum 
inalysis is able to demonstrate hemodynamic changes in vascular resistance1' 
some effects of CyA on Doppler spectrum waveform might be expected. 
Several authors claim to be able to differentiate among the earlier mentioned 
;auses of renal dysfunction by duplex examination findings only. There is, 
tiowever, controversy over the effect of CyA on the Doppler specturm 
waveform. Some authors claim that CyA does not alter the Doppler spectrum 
waveform or derived ratios2,14. Others have reported changes in Resistance 
Index due to CyA nephrotoxicity11, whereas in still other investigations these 
:hanges were only seen when CyA nephrotoxicity occurred concomitantly 
with ATN7. In a preliminary study we found some indications of CyA-
induced changes of the Doppler spectrum waveform17. 
[n order to investigate whether duplex examination can detect hemodynamic 
changes after CyA administration, we performed a prospective study tc 
document the early changes in renal hemodynamics of continuous infusion ol 
CyA after kidney transplantation. 
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Patients and methods 
A total of 15 patients who received a kidney allograft in our center between 
May 1989 and January 1990 were included in our study. These patients 
received intravenous CyA immunosuppression as described previously8. CyA 
infusion (3 mg/24 hr/kg body weight) was started six hours after opening oí 
the vascular anastomosis. The first duplex examination was performed half an 
hour prior to CyA administration and subsequent examinations were done one 
and four hours after the start of CyA infusion. Again on days one and two 
after transplantation duplex examinations were repeated. A total of 75 
sxaminations were performed in this study. 
We used a Toshiba SSA 270-A color duplex scanner. The probe (3.75 Mhz) 
was placed next to the operation wound so that the allograft could be visuali-
zed. During each examination Doppler spectra of the large branches of the 
renal artery (segmental arteries) at the hilus of the allograft were obtained as 
well as spectra of the interlobar arteries in the area between cortex and 
medulla. The angle between artery and insonating ultrasound beam was kepi 
between 40 and 60 degrees when acquiring Doppler spectra and kept as 
constant as possible in order to be able to compare angle dependent parame-
ters. Special attention was given to the location of the Doppler sample in 
relation to the anatomy of the allograft, so that in subsequent examinations in 
the same patient spectra would be comparable. Doppler signals were recorded 
эп magnetic tape. Afterwards these signals were analyzed with a Spectrum 
analyzer (Mediasonics SA 8000). The spectra were digitally stored on a 
Personal computer for off-line analysis. A program called Quindops (Quanti­
tative Interpretation of Doppler Spectra), developed in our laboratory, enables 
us to analyze Doppler spectra in a standardized way18. From the spectrum a 
maximum frequency curve (MAX-curve) is calculated for the positive 
frequency shifts and the negative frequency shifts separately. The algorithm 
by which the MAX-curves are calculated comprises local convolution of the 
spectra with a window of five spectral lines wide and three frequency bits 
high, followed by fast Fourier transform 20 Hz low-pass filtering of the 
MAX-curves. From these curves Quindops than derives several parameters 
that characterize the Doppler spectrum waveform. 
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;igure 1 shows a Doppler spectrum obtained from a segmental artery, the 
/IAX-curves as calculated by Quindops, and some of the calculated parame-
ïrs. 
3-r frequency (kHz) 
time(s) 
igure 1. Doppler spectram obtained from a segmental artery as analysed by Quindops. Fmax = 
laximum frequency; Fdia = diastolic frequency; Tmax = acceleration time; Tdown = decelerati-
n time; Mean = mean frequency during one heart cycle 
Ve took special interest in parameters that can indicate changes in vascular 
mpedance according to hemodynamic models as proposed for instance by 
ìkidmore et al.16. These include Fmax, Fdia, Tmax, Tdown, and mean 
requency as described by Fronek et al5. They are shown in Figure 1. Resis-
ance Index (R.I.) and Pulsatility Index (P.I.) were also calculated. Definitions 
f R.I., as proposed by Planiol and Pourcelot13, and for P.I., according to 
ïosling6 are respectively: 
1.1. = Fmax - Fdia 
Fmean 
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P.I. = Fmax - Fdia 
Mean 
Clinical data such as blood pressure, pulse rate, and diuresis of patients were 
registered without knowledge of the findings of echo-Doppler examination. 
Clinical data and differences in spectrum derived parameters between 
measurements were analyzed with the Wilcoxon matched pairs test or the 
paired t-test when appropriate. Probability values below 0.05 were considered 
significant. 
Results 
Clinical data on the 15 transplant recipients are shown in Table 1. There were 
significantly higher blood pressures on days one and two after transplantation 
than on the day of transplantation. Other clinical parameters remained 
unchanged. Clinically no CyA nephrotoxicity was suspected in the first days 
ifter transplantation. 
ГаЫс 1. Clinical data (mean ± SD) in 15 transplantation recipiens in relation to duplex 
:xamination 
time relation with 
CyA 
Measurement 
Systolic BP 
(mmHg) 
Diastolic BP 
(mmHg) 
Diuresis 
(ml±hr) 
Heart rate (bpm) 
-Vih 
1 
138 ± 19 
80 ± 13 
30 ±48 
84 ± 10 
+lh 
2 
138 ± 17 
83 ± 14 
37 ±46 
85 ± 9 
-HHI 
3 
136 ± 20 
81 ± 10 
38 ±50 
85 ± 9 
Day 1 
4 
153 ± 22' 
94 ± 12' 
37 ±53 
79 ± 10 
Day 2 
5 
158 ±21* 
94 ± 12' 
42 ±44 
83 ± 10 
P<0.05 when compared to measurement 1; BP = Blood pressure 
Figure 2 shows the MAX-curve derived parameters of spectra obtained in the 
segmental arteries and the interlobar arteries, respectively. Mean values + 
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SEM in consecutive measurements are displayed of each parameter. When 
comparing third duplex examinations (4 hours after the start of CyA infusion) 
with first examinations (before the start of CyA infusion) a significant 
decrease in Fmax, Fdia and Tmax was seen. Tmax increased again between 
the third and fifth examination (day two after transplantation). Parameters 
tended to return to their original value on day two after transplantation. These 
trends were found at both segmental and interlobar arteries. Changes were, 
however, more pronounced in segmental arteries. 
Fmax Tmax RI 
*Hfl (та) 
Fdia Tdown p.|. 
Figure 2. Doppler spectrum derived parameters in five consecutive duplex examinations on 
patients receiving intravenous cyclosporin A. Values are displayed as mean ± sem. Parameters of 
segmental arteries are displayed in dark bars, of interlobar arteries in light bars. "P<0.05 when 
compared to measurement 1. 
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Discussion 
Vasoconstriction of the afferent glomerular arteriole after CyA admistration 
bas been documented in rats1,4. In human kidney transplantation increased 
vascular resistance of the kidney allograft, due to CyA, has been found 
within two weeks after transplantation3. With Doppler spectrum analysis we 
found a change in renal hemodynamics 4 hours after the intravenous infusion 
of CyA. The parameter in which change was most evident four hours after 
CyA infusion was Tmax. We also consider this to be the most reliable 
parameter, because it is not dependent on the insonation angle of the Doppler 
beam. Fmax and Fdia show the same trend as Tmax in consecutive measure-
ments. Changes were most evident in the segmental arteries. Using the 
analysis for hemodynamic models as, for example, presented by Skidmore 
Mid Woodcock16, it can be understood that a decrease of Fmax and Fdia and 
îven more a decrease of the angle independent Tmax indicates a change in 
vascular impedance. The decrease in Tmax implicates increased vascular wall 
tonus as is postulated in the Laplace model that Skidmore and Woodcock 
used for their hemodynamic approach. This increased tonus, apparently, did 
aot have enough impact on parameters that are indicative for peripheral 
resistance, R.I. and P.I. The measured decrease in Fmax and Fdia implies a 
decrease in overall blood flow through the kidney which is in concordance 
with the registered change in vascular impedance. It seems that CyA in a 
therapeutical dose changes renal impedance by increasing vascular wall tonus, 
[n overt nephrotoxicity this increased tonus may well lead to vasoconstriction, 
rhe decrease of Fmax and Fdia was more obvious in segmental arteries then 
in interlobar arteries. A possible explanation for this observation is that the 
hemodynamic changes that were measured in a segmental artery monitor the 
combined effects of CyA infusion in the larger peripheral vascular bed of 
the interlobar arteries. 
Ibe return of the Doppler spectrum waveform to its original shape may have 
been caused by the increase in blood pressure on days one and two. In vitro 
models have shown that Doppler spectrum derived parameters are influenced 
by systemic pressure10. Moreover, using the earlier mentioned hemodynamical 
model it can be understood that Tmax, as an indicator of vascular impedance, 
is related to arterial blood pressure. Thus it may be important to considei 
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Dlood pressure in detecting CyA nephrotoxicity with the aid of Doppler 
spectrum analysis. The return of the Doppler spectrum waveform may also 
lave been caused by an auto-regulation mechanism of the vascular bed thai 
decreases smooth muscle tonus. It is possible that this auto-regulation is 
insufficient at high CyA levels and may then lead to renal dysfunction and/oi 
lypertension. 
[n animal models increased vascular resistance due to CyA has been more 
îasily demonstrated than tubular toxicity15. Our results also suggest a vasculai 
mediated effect of CyA. If, indeed, a changing vascular impedance is the 
primary mechanism of CyA nephrotoxicity415, Doppler spectrum analysis 
:ould be helpful in the future in determining CyA nephrotoxicity or in 
îvaluating the effect of pharmacological manipulations to reverse these 
lemodynamic effects. Studies evaluating the effect of CyA on Dopplei 
jpectrum waveform in the post- transplantation period are needed to establish 
Jie value of spectrum analysis in this regard. It can be spectulated that when 
CyA alters Doppler spectrum waveform in therapeutical dosages a detectable 
îffect on Doppler spectrum waveform can be expected in overt CyA nephro-
toxicity. 
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CHAPTER 8 
HEMODYNAMIC CHANGES IN HUMAN KIDNEY ALLOGRAFTS 
FOLLOWING ADMINISTRATION OF NIFEDIPINE: 
ASSESSMENT WITH DOPPLER SPECTRUM ANALYSIS 
J.W.S. Merkus, L.B. Hilbrands, A.J. Hoitsma, W.N.J.C. van Asten, R.A.P. 
Koene, S.H. Skotnicki. 
Transplant Int 1992; 5: S17-S20 
Abstract 
Cyclosporin (CyA) has been demonstrated to increase the vascular resistance of renal allografts 
(RVR), whereas calcium channel blocking agents like nifedipine may counteract this effect. In 
this study RVR was calculated from renal blood flow (RBF), measured by the clearance of para-
aminohippurate (PAH), and mean arterial pressure (MAP). Analysis of Doppler spectra obtained 
under ultrasonographic guidance was used as a non-invasive method of assessing renal hemody­
namics. A comparison was made between these two methods to detect changes in renal 
hemodynamics which were caused by the administration of 10 mg nifedipine orally to 11 renal 
transplant recipients treated with CyA. RBF increased significantly (444 ± 176 vs 559 ± 192 
ml/min/1.73m2; P<0.05) despite a decrease in MAP (116 ± 10 vs 101 ± 11 mmHg; P<0.05) after 
administration of nifedipine. Calculated RVR decreased from 0.31 ± 0.17 to 0.20 ± 0.07 mmHg χ 
min/ml (P<0.05). Results of Doppler spectrum analysis were in concordance with these observati­
ons. Resistance Index (RI) in interlobar arteries decreased from 0.60 ± 0.04 to 0.56 ± 0.06 
(P<0.05) and acceleration time (Tmax) of the Doppler spectrum decreased from 133 ± 32 to 98 ± 
32 ms (P<0.05). Theoretically, a lower RI and decreased Tmax indicate a reduced vascular 
resistance and changes in vascular wall compliance respectively. Analysis of Doppler spectra may 
thus become a useful device for non-invasive assessment of acute changes in RVR. 
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introduction 
analysis of Doppler spectra can be used to assess hemodynamic properties oi 
vascular beds. In human kidney transplantation the analysis of Dopplei 
spectra has been used to estimate hemodynamic changes in kidney allografts, 
Several reports have been published on the merits of Doppler spectrum 
analysis in the differential diagnosis of renal dysfunction after transplan-
ation3,15. Parameters derived from Doppler spectra were used to discriminate 
aetween different causes of renal dysfunction. The accuracy of this technique, 
nowever, is still a matter of debate13. More specifically its value in the 
detection of the nephrotoxic effects of the immunosuppressive drug Cyclos­
erine (CyA) is a matter of controversy7. CyA has been shown to increase 
renal vascular resistance5 and we have previously shown that intravenous 
administration of CyA has an impact on renal hemodynamics that can be 
detected with analysis of Doppler spectra11. Calcium channel blockers have 
been used to ameliorate CyA-mediated renal side effects, vasodilation mosl 
probably being responsible for their beneficial effect6,12. 
[n this study we investigated whether analysis of Doppler spectra enables 
detection of acute changes in allograft hemodynamics following administra­
tion of a calcium channel blocker to patients on CyA treatment. We compa­
red the results of Doppler spectrum analysis before and after administration 
of nifedipine to CyA-treated kidney allograft recipients undergoing conventio­
nal measurements of renal hemodynamics. These observations may contribute 
ίο a better comprehension of the physiological interpretation of Dopplei 
spectrum-derived information. 
Patients and methods 
Eleven recipients of a cadaveric renal allograft (9 males, 2 females, mean age 
39 ± 12) with stable graft function approximately 12 weeks after transplanta-
ion were included in the study. The transplantation procedure and post-
xansplantation care were done as described previously10. All patients received 
CyA immunosuppression and low-dose prednisone. None of them were 
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treated with a calcium channel blocker. All patients gave informed consent. 
Measurements were performed in the out-patient clinic and were started 
between 8 and 9 a.m.. Measurements of renal hemodynamics and Echo-
Doppler examinations were performed before and after the oral administration 
af 10 mg nifedipine. 
Measurements of renal hemodynamics. During the study patients were in 
supine position except during voiding. Blood pressure and heart rate were 
measured every 3 minutes with an automatic device (Dinamap, Critikon). 
Renal clearance of para-aminohippurate (PAH) was used as a marker oí 
ìffective renal plasma flow (ERPF). After a priming dose, PAH was given by 
continuous intravenous infusion in a dose adjusted to renal function. After an 
îquilibration period of at least 75 minutes, urine was collected during three 
consecutive 30 min intervals. Blood samples were drawn at the midpoint ol 
;ach interval. A sufficient diuresis was established by an oral water load ol 
10 ml/kg upon arrival in the ward, followed by i.v. infusion of a NaCl 0.25 
7o, glucose 3.3% solution at a rate of 400 ml/hr, and replacement of excess 
jrinary loss by giving water orally. PAH was measured in serum and urine 
samples and hematocrit (Ht) in blood samples using standard semi-automated 
echniques. PAH clearance (ERPF) was calculated using the standard formula 
J.V/P. Renal blood flow (RBF) was calculated as ERPF/(1-Ht) and corrected 
for a standard body surface area of 1.73 m2. The mean values of five conse-
cutive 3 minute interval readings of blood pessure and heart rate around the 
Tiidpoint of each clearance period were used for analysis. Renovascular 
•esistance (RVR) was defined as mean arterial pressure (MAP) divided by 
RBF. 
Echo-Doppler examinations. Non-invasive examinations were performed with 
m echo-Doppler scanner (Toshiba SSA-270A), using the B-mode image for 
guidance of the pulsed wave Doppler sample volume. Doppler spectra were 
Dbtained from segmental arteries in the medulla of the allograft and from 
interlobar arteries near the cortico-medullary junction with a 3.75 Mhz sector 
probe. The angle between Doppler beam and artery under investigation was 
kept below 60 degrees and in the same range in consecutive examinations. 
With each examination also a Doppler spectrum from the common femoral 
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artery on the side of the allograft was obtained using the 5.0 Mhz linear array 
probe. Doppler spectra were stored on a personal computer for off-line 
analysis by a user written program. The program determined a Doppler 
waveform from the Doppler spectrum representing the instantaneous maxi-
mum frequency for every time moment. Subsequently several parameters 
describing the Doppler waveform were calculated. Figure 1 shows a Doppler 
spectrum from a segmental artery and the derived parameters as produced by 
the computer program. Restistance Index (RI) and Pulsatility Index (PI) were 
calculated according to Planiol and Pourcelot14 and Gosling9. 
The means of blood pressure, heart rate, RBF and RVR of the first three 
consecutive 30 minute periods were used as base-line values. The accompa-
nying first echo-Doppler examination was performed during the third period. 
Immediately after the end of this period the patient received 10 mg nifedipine 
orally. Repeated measurements of renal hemodynamics took place from 30 to 
60 minutes after administration of nifedipine. During this period the second 
echo-Doppler examination was performed. 
Statistics. All values are expressed as means ± SD. For comparison of 
measurements before and after administration of nifedipine the t-test for 
matched pairs was used. Spearman correlation coefficients (r) were calculated 
to quantify the correlation between the results of renal function measurements 
and Doppler parameters. Probability values below 0.05 were considered 
significant. 3 — Irequency (KHz) 
Figure 1. Doppler spectrum from a segmental artery with MAX-curve and descriptive parameters. 
Legend: Fmax = maximum systolic frequency shift; Fdia = diastolic frequency shift; Tmax = 
Acceleration time of the systolic deflection; Tdown = deceleration time of the systolic deflection; 
Mean = mean frequency shift during one heart cycle. 
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Results 
The effects of the administration of nifedipine on blood pressure and renal 
hemodynamics are given in Table 1. Systolic and diastolic blood pressures 
decreased significantly after nifedipine administration. Mean arterial pressure 
fell from 116.3 ± 10.0 to 101.1 ±11.1 mmHg (p<0.01). The increase in RBF, 
despite this fall in MAP is reflected in a significant reduction in calculated 
RVR. 
Table 1. Effects of administration of nifedipine on blood pressure and renal hemodynamics 
Nifedipine administration 
Systolic BP (mmHg) 
Diastolic BP (mmHg) 
MAP (mmHg) 
Heart rate (bpm) 
RBF (тІ/гаіп/ІЛЗт1) 
RVR (mmHg χ min/ml) 
before 
163.0 ± 16.2 
90.6 ± 10.8 
116.3 ± 10.5 
63.5 ± 8.6 
445 ± 168 
0.32 ± 0.17 
after 
142.5 ± 16.6 
77.0 ± 9.6 
101.1 ± 1L7 
75.0 ± 14.5 
559 ± 184 
0.20 ± 0.07 
Ρ 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
BP= Blood Pressure; MAP= Mean Arterial Pressure; bpm= beats per minute; RBF= Renal 
Blood Flow; RVR= Renal Vascular Resistance. 
Significant changes were also observed in Doppler parameters derived from 
spectra obtained from the segmental and interlobar arteries of the renal 
allograft. The acceleration time of the systolic peak of the Doppler waveform 
(Tmax) became shorter in both arteries. In the interlobar arteries a significant 
decrease was found in RI and PI (Table 2). 
When renal vascular resistance was correlated with RI obtained from segmen­
tal and interlobar arteries only weak, non-significant, correlations (r= 0.45 
(P=0.16) and r= 0.57 (P=0.07) respectively) were found before administration 
of nifedipine. After administration of nifedipine, however, RI showed a 
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significant corrélation with RVR (r= 0.66; P= 0.03 and r= 0.76; P= 0.007 ir 
segmental and interlobar arteries respectively). Figure 2 shows this relation 
between RVR and RI from interlobar arteries before and after the administra-
tion of nifedipine. 
ГаЫе 2. Results of analysis of Doppler spectra before and after administration of nifedipi­
ne 
Segmental artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
PI 
Interlobar artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
PI 
Femoral artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
PI 
Nifedipine administration 
before 
1612 ± 663 
635 ± 328 
130 ± 41 
0.61 ± 0.05 
1.07 ± 0.15 
932 ± 209 
374 ± 92 
133 ± 32 
0.60 ± 0.04 
1.01 ±0.11 
2655 ± 783 
-833 ± 233 
105 ± 14 
6.1 ± 0.9 
after 
1842 ± 411 
712 ± 203 
79 ± 34 
0.62 ± 0.07 
1.08 ± 0.21 
1037 ± 285 
448 ± 122 
98 ± 32 
0.56 ± 0.06 
0.93 ± 0.17 
2927 ± 778 
-773 ± 222 
104 ± 17 
5.6 ± 1.5 
Ρ 
0.241 
0.441 
0.014' 
0.874 
0.899 
0.261 
0.070 
0.008* 
0.025' 
0.048' 
' 
0.056 
0.468 
0.932 
0.395 
* P<0.05; For explanation of parameters see fig. 1. 
In Doppler spectra obtained from the common femoral artery, just distal from 
the end-to-side anastomosis of the renal artery with the iliac artery, nc 
significant changes were noted after administration of nifedipine. 
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О 02 0 4 06 0 8 
RVR (mmHg χ min/ml) 
Figure 2. Correlation of Renal Vascular Resistance (RVR) and RI in interlobar arteries before 
and after administration of nifedipine. Legend: о before administration of nifedipine (r=0.57; 
p=O.07); + after administration of nifedipine (r=0.76; p=0.007). 
Discussion 
The primary goal of this study was to assess whether Doppler spectrum 
analysis can detect hemodynamic changes in human kidney allografts after 
drug-induced hemodynamic interference. We compared changes in Doppler 
parameters to nifedipine-induced changes in RVR, which was calculated from 
PAH clearance, hematocrit and MAP. Although the latter calculation only 
provides a rough estimate, it is commonly used to get informed on global 
renal vascular resistance5. 
Doppler parameters indicated changes in the hemodynamic properties of the 
renal allograft. The RI and PI decreased significantly in the interlobar 
arteries. Also Tmax decreased in segmental and in interlobar arteries. There 
were no changes in the Doppler spectra obtained from the femoral artery 
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distal to the renal allograft. Thus it is most likely that the changes observed 
in the arteries of the allograft are indicative of changes located in the allo-
graft itself, and are not merely the result of the decrease in systemic mean 
arterial pressure. Moreover, when systemic pressure decreases no change in 
RI is expected when renal resistance remains unchanged2. The decrease in RI 
and PI indicates a decrease in vascular resistance. The changed impedance of 
the renal allograft was confirmed with the measurements of renal hemodyna-
mics, which showed a decrease in RVR. 
Correlation of RI and RVR improved markedly after administration of nifedi-
pine. This suggests that one of the two methods of estimation of vascular 
resistance is more influenced than the other by a variable that has less impact 
after administration of nifedipine. A possible explanation for this observation 
is that after administration of nifedipine RVR becomes more dependent on 
the resistance of arteries from which RI was obtained. 
RI and PI are generally considered reliable parameters for the estimation of 
resistance of the distal part of a vascular bed. We found a significant decrea-
se in these parameters in interlobar arteries, which are closest to the probable 
site of the vasoconstrictive action of CyA1,8. Nifedipine may be expected to 
have the largest influence on hemodynamics at that site. Tmax is a parameter 
which is more difficult to interpret. In clinical renal transplantation Tmax has 
been indicated by Arima et al.4 as a parameter that is correlated with renal 
function. In their study a shorter Tmax was found in renal allografts· with 
stable function, whereas Tmax was longer in allografts with poor function. In 
the mathematical model for Doppler waveform analysis, that was introduced 
by Skidmore and Woodcock16, Tmax is regarded indicative of the elastic 
properties of the vascular wall: changes in Tmax reflect changes in vascular 
wall compliance. Apparently, the vasodilatory effect of nifedipine on the 
vascular wall of renal arteries that are preconstricted by CyA is reflected in 
shortening of Tmax in the Doppler spectrum waveform. 
In summary, the changes in renal vascular resistance due to vasodilatory 
effects of nifedipine are reflected in the Doppler spectrum waveform in 
changes in RI, indicating decreased distal resistance to flow, and in changes 
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in Tmax, reflecting changes in vascular wall compliance. From these observa­
tions we conclude that hemodynamic changes in human kidney grafts due tc 
drug interventions can be detected with Doppler spectrum analysis. This may 
make this non-invasive technique suitable for monitoring acute hemodynamic 
changes due to drug interventions in human kidney allografts. 
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CHAPTER 9 
EFFECT OF CYCLOSPORIN CONTINUATION VERSUS 
CONVERSION TO AZATHIOPRINE ON DOPPLER SPECTRUM 
WAVEFORMS OBTAINED FROM HUMAN RENAL ALLOGRAFTS 
J.W.S. Merkus, A.J. Hoitsma, M.A. van 't Hof, W.N.J.C. van Asten, R.A.P. 
Koene, S.H. Skotnicki. 
(submitted) 
abstract 
ïcho-Doppler examinations have been suggested as a tool to differentiate between rejection and 
Cyclosporin A (CyA) nephrotoxicity. If the hemodynamic effects of these causes of renal 
lysfunction have a specific effect on intrarenal Doppler spectra, this may indeed be possible. The 
>oal of this study was to evaluate changes in Doppler spectrum waveforms in renal allograft 
•ecipicnts when immunosuppression is converted from CyA to azathioprine (Aza). In this study 
:cho-Doppler examinations were performed in patients who were included in a randomized trial 
vith either conversion from CyA to Aza versus continuation of CyA immunosuppression at three 
Tionths after transplantation and whose clinical course had been uneventful. Intrarenal Doppler 
¡pectra and clinical data, obtained at the time of randomization and thereafter at three consecutive 
weekly visits to the out-patient clinic, were compared. Patients who were converted to Aza (n= 
Î8) showed a significant decrease in blood pressure (diastolic blood pressure 92 ± 10 vs 83 ± 9 
TimHg; p<0.05) and serum creatinine values (143 ± 41 vs 126 ±31 umol/l; p<0.05) after the firsl 
ivcck following conversion. Doppler spectrum analysis of intrarcnal arteries showed a decrease oi 
he acceleration time of the Doppler spectrum waveform (Trnax) starting the first week after 
inversion to Aza (in segmental arteries: 131 ± 26 vs 106 ± 24 ms; p<0.05). The maximurr 
iystolic frequency shift increased (1497 ± 397 Hz vs 1714 ± 403 Hz; p<0.05). In the group thai 
xmtinued on CyA immunosuppression (n=33) no significant changes occurred in clinical data oi 
η Doppler spectra when compared to the baseline values at three months after transplantation. Ir 
inclusion, quantitative analysis of Doppler spectra shows distinct changes in Doppler waveforms 
ifter conversion from CyA to Aza immunosuppression. 
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Introduction 
After renal transplantation the differentiation between rejection and CyA 
nephrotoxicity during episodes of renal dysfunction is an important clinical 
problem. Both rejection and CyA nephrotoxicity have a significant effect on 
renal hemodynamics13. If these effects are specific and can be quantified by 
Doppler spectrum analysis of intrarenal blood velocity waveforms, Doppler 
spectra can be used to differentiate between these causes of renal dysfunction. 
Several authors have described the use of Doppler ultrasonography in the 
differentiation between the two mentioned causes of renal dysfunction. The 
reported results, however, vary widely. Some authors report no changes in 
Doppler waveforms due to CyA immunosuppression4"7, whereas others report 
that Doppler spectrum waveforms are affected by CyA8"10. In most of these 
studies the Doppler waveform is characterized by the Resistance Index (RI)11 
or the Pulsatility index (PI)12. In previous studies, using a quantitative 
analysis of Doppler spectra, we have found that the start of CyA immunosup-
pression and the administration of nifedipine to patients on CyA immunosup-
pression have immediate effects on renal hemodynamics that are also reflec-
ted in the Doppler spectrum waveform"'14. In the present study we investiga-
ted whether, in a clinical setting of conversion from CyA to Aza in patients 
with stable allograft function, a significant effect on renal hemodynamics 
could be found by analysis of Doppler spectra. 
Patients and methods 
Doppler ultrasonography was performed in patients that were included in a 
controlled randomized trial of CyA monotherapy versus Aza and prednisone 
as immunosuppressive regimen starting three months after transplantation. All 
patients gave informed consent. All patients received CyA and prednisone 
during the first three months after transplantation according to the local 
protocol '5. At three months after transplantation the patients were randomi-
zed to either CyA monotherapy (CyA group) or conversion to Aza and 
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prednisone (Aza group). In the CyA group the prednisone dosage of 20 
mg/day was tapered with 5 mg/day every fortnight, starting three months 
after transplantation. In the Aza group CyA was replaced by Aza with a 
temporary increase of the prednisone dosage to 25 mg/day. The maintenance 
dose of prednisone in this group was 10 mg/day. For the present Doppler 
study, patients who encountered rejection episodes or other causes of renal 
dysfunction were excluded from the analysis. Doppler spectra were obtained 
from each patient on six occasions during weekly visits to the out-patient 
clinic. During these visits the patients underwent a routine check-up (serum 
creatinine level, blood pressure) and an echo-Doppler examination. The first 
three examinations were performed before randomization, the other three after 
randomization to either of the immunosuppressive regimens. 
Doppler spectrum analysis. Doppler spectra were obtained with a commerci-
ally available color coded echo-Doppler scanner (Toshiba SSA-270A), using 
the B-mode image for guidance of the Doppler sample volume. Doppler 
spectra were obtained from segmental arteries in the medulla of the allograft 
and from interlobar arteries at the cortico-medullary junction with a 3.75 Mhz 
sector probe. The angle between Doppler beam and artery under investigation 
was kept below 60 degrees in all examinations. With each examination also a 
Doppler spectrum from the common femoral artery on the side of the 
allograft was obtained using the 5.0 Mhz linear array probe. Doppler spectra 
were stored on a personal computer for off-line analysis by a user-written 
program. The program calculates a maximum frequency waveform from the 
Doppler spectrum, representing the instantaneous maximum frequency for 
every time moment. The algorithm, by which these waveforms are derived 
consists of a local convolution process of the spectrum with a window 5 
spectral lines wide and 3 frequency bits high and determination of the 
maximum frequency waveform followed by fast Fourier transform 20 Hz 
low-pass Altering. Subsequently, several parameters describing the Doppler 
waveform are calculated1617. Figure 1 shows a Doppler spectrum from a 
segmental artery and the derived parameters as produced by the computer 
program. The Resistance Index (RI)11 and the Pulsatility Index (PI)12 are 
calculated by the program. 
All values are displayed as means ± SD. Statistical comparison of the two 
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groups was performed with Student's t-test on the differences between the 
values obtained after randomization and those at the time of randomization. 
-P frequency (kHz) 
time (s) 
Figure 1. Doppler spectrum from a segmental artery with maximum frequency curve and 
descriptive parameters. Legend: Fmax = maximum systolic frequency shift; Fdia = diastolic 
frequency shift; Tmax = acceleration time of the systolic deflection; Mean = mean frequency 
shift during one heart cycle. Resistance Index (RI) is calculated from (Fmax-Fdia)/Fmax and the 
Pulsatility Index (PI) is calculated from (Fmax-Fdia)/Mean. 
Results 
A total of 61 patients were included in the study: 28 of the patients were 
allocated to the conversion group and 33 patients were continued on CyA 
immunosuppression. There were no significant changes between the first 
three visits (before randomization) in renal function, blood pressure, antihy-
pertensive medication or in Doppler parameters. At the third visit the patients 
were allocated to one of the two study groups (CyA group or Aza group). 
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There were no significant differences in clinical data (Table 1) or Doppler 
parameters (Table 2) between these two groups at the time of randomization. 
When the differences of the two groups between the third and following 
visits were compared, significant differences were found in clinical data 
(Table 1) and in Doppler parameters (Table 2). Serum creatinine values in the 
Aza group decreased starting the first week after randomization. At two and 
three weeks after randomization blood pressures had decreased significantly 
less in the Aza group when compared to the CyA group. In the CyA group a 
significant increase was noted in the number of antihypertensive drugs at the 
time of the third visit after randomization. The Doppler parameters showed 
significant changes after conversion from CyA to Aza also. At the first visit 
after randomization the acceleration time of the Doppler waveform (Tmax) in 
both the segmental and interlobar arteries had become shorter in the Aza 
group. It remained significantly shorter during subsequent visits. The maxi­
mum systolic frequency from the segmental artery increased in the patients 
who were converted to Aza immunosuppression starting the second week 
after randomization. The Doppler spectrum from the femoral arteries remai­
ned unchanged. 
Table 1. Clinical data from patients converted from cyclosporin to azathioprinc (Aza; η = 
28) and patients remaining on cyclosporin therapy (CyA; η = 33) at three months after 
transplantation and at weekly intervals after randomization. 
Scrum creatinine 
(umol/1) 
Systolic blood 
pressure (mmHg) 
Diastolic blood 
pressure (mmHg) 
No of anti-hyper­
tensive drugs 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
Before 
randomi­
zation 
140 ±47 
143 ± 41 
154 ± 22 
155 ± 24 
92 ± 10 
92 ± 10 
1.3 ± 0.7 
1.1 ±0.7 
After randomization 
week 1 
143 ± 42 
133 ± 33 * 
147 ± 20 
144 ± 17 
89 ± 8 
85 ± 10 
1.4 ± 0.8 
1.1 ± 0.7 
week 2 
143 ± 46 
126 ±31 + 
148 ± 18 
137 ± 18 * 
90± 8 
83 ± 9 * 
1.5 ± 0.8 
1.1 ±0.7 
week 3 
145 ± 48 
124 ± 33 * 
141 ± 18 
139 ± 18 * 
88 ± 8 
83 ± 8 * 
1.6 ± 0.8 
1.1 ±0.7 • 
* P<0.05 when the differences with the value at the time of randomization between CyA 
group and Aza group were compared (Student's t-test on changes) 
-128-
Table 2. Doppler parameters from patients converted from cyclosporin to azathioprine at 
three months after transplantation (Aza group; n=28) compared to those from patients 
continued on cyclosporin (CyA group; n=33). 
Segmental artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
Interlobar artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
Femoral artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
CyA 
Aza 
Before 
randomi-
zation 
1674 ± 422 
1497 ± 397 
650 ± 183 
575 ± 180 
123 ± 38 
131 ± 26 
0.61 ± 0.08 
0.61 ± 0.08 
968 ± 237 
934 ± 197 
403 ± 91 
371 ± 74 
123 ± 31 
126 ± 29 
0.58 ± 0.07 
0.60 ± 0.08 
2314 ± 700 
2377 ± 640 
-793 ± 228 
-780 ± 237 
97 ± 16 
91 ± 16 
After randomization 
week 1 
1658 ± 312 
1680 ± 380 
644 ± 145 
621 ± 167 
132 ± 30 
106 ± 2 4 ' 
0.61 ± 0.07 
0.63 ± 0.07 
988 ± 201 
954 ± 204 
401 ± 68 
382 ± 68 
128 ± 30 
108 ± 2 6 ' 
0.59 ± 0.07 
0.60 ± 0.07 
2295 ± 758 
2488 ± 692 
-791 ± 274 
-811 ±324 
98 ± 16 
94 ± 21 
week 2 
1612 ±401 
1714 ± 403 " 
639 ± 187 
603 ± 163 
129 ± 30 
110 ± 30" 
0.60 ± 0.07 
0.65 ± 0.08 
1008 ± 278 
988 ± 264 
421 ± 113 
382 ± 72 
124 ± 29 
111 ± 35 ' 
0.58 ± 0.07 
0.61 ± 0.08 
2207 ± 421 
2480 ± 588 
-706 ± 190 
-745 ± 351 
99 ± 13 
91 ± 14 
week3 
1708 ± 374 
1808 ± 385 ' 
679 ± 183 
661 ± 161 
125 ± 26 
107 ± 30" 
0.60 ± 0.07 
0.63 ± 0.06 
1014 ± 229 
1034 ± 261 
417 ± 90 
397 ± 97 
124 ± 26 
110 ± 2 4 ' 
0.58 ± 0,07 
0.61 ± 0.07 
2229 ± 690 
2395 ± 563 
-682 ± 285 
-724 ± 263 
98 ± 21 
96 ± 16 
For explanation of Doppler parameters see fig 1. " P<0.05 when the differences with the 
value at the time of randomization between CyA group and Aza group were compared 
(Student's t-test). 
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Discussion 
Analysis of Doppler spectra has been used for the detection of vascular 
pathology in a renal transplant18", but also for the assessment of renal 
allograft hemodynamics under various conditions20. In a clinical setting, 
analysis of Doppler spectra may be used to specify changes in renal allograft 
hemodynamics during allograft dysfunction and subsequently be helpful in 
differentiating between the causes of dysfunction. Several authors have 
described the detection of rejection episodes with Doppler studies4"7. Howe-
ver, regarding the possible effect of CyA administration on intrarenal Doppler 
spectra, opinions vary widely. In previous investigations we have studied the 
immediate effects of CyA administration on intrarenal Doppler spectra and of 
the administration of nifedipine during CyA immunosuppression1314. In these 
studies the acceleration time of the Doppler spectrum proved to be the 
Doppler parameter that changed most after these drug interventions. The 
present study was undertaken to see whether Doppler spectrum changes could 
be found also in a clinical setting of conversion from CyA to Aza immuno-
suppression. Because a trial of CyA monotherapy versus conversion to Aza 
and prednisone after three months was performed in our center, Doppler 
examinations could be performed in patients included in this trial. 
In patients converted to Aza and prednisone, serum creatinine level and blood 
pressure decreased. A significant increase in the maximum systolic frequency 
shift (Fmax) in the segmental arteries was seen. The acceleration time of the 
systolic deflection of the Doppler spectrum (Tmax) from segmental and 
interlobar arteries decreased significantly in patients converted to Aza. It may 
be argued that the observed changes in Doppler parameters are caused by de 
decrease in blood pressured in the Aza group. The Doppler spectra obtained 
from the ipsilateral femoral arteries, however, did not show changes after 
conversion. Thus, the Doppler waveform in the artery supplying the renal 
allograft remained unchanged, whereas the waveform changed significantly in 
the allograft itself. Therefore it is more likely that these changes are due to 
hemodynamic changes in the kidney allograft itself. 
Clinically, an increase in the acceleration time of the Doppler waveform 
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(Tmax) has been shown to be associated with poorer graft function21. There 
are also reports that describe an increase of the acceleration time during 
CyA-nephrotoxicity10. Interpretation of changes in Tmax in a physiological 
way has been done with electric analog computer simulation models of 
arterial hemodynamics. In these models the acceleration time of the wave-
form is largely dependent on the impedance of the insonated artery. This 
impedance consists of elements representing the vascular resistance and 
vascular wall compliance22'24. Changes in Tmax thus reflect changes in the 
impedance of the supplying artery. The fact that CyA has a known vasocon-
strictive effect on renal arterioles and has been shown to increase renal 
vascular resistance2,3, is in agreement with these interpretations. In previous 
experiments we have shown that the renal vascular resistance of allografts 
with CyA-immunosuppression could be decreased with the vasodilator 
nifedipine and that a simultaneous decrease in Tmax occurred14. In renal 
allografts the change of Tmax after conversion from CyA to Aza immuno-
suppression most likely reflects the disappearance of the vasoconstrictive 
actions of CyA and a changed renal vascular impedance. The slight but 
significant increase of the maximum systolic frequency can also be attributed 
to this decreased renal vascular resistance. In many Doppler studies the 
Resistance Index (RI) is used to describe the Doppler waveform. The RI also 
indicates changes in the resistance in the peripheral vascular bed. In our 
nifedipine experiments RI also decreased after decreasing the renal vascular 
resistance with nifedipine. In this study replacing CyA by Aza did probably 
not decrease renal vascular resistance to such an extent that RI was influen-
ced. This explanation is in keeping with the observation that the decrease in 
Tmax in the nifedipine experiments was indeed larger than in the present 
study. 
Doppler spectrum analysis shows distinct changes in renal transplant hemody-
namics after conversion from CyA to Aza immunosuppression. The changes 
are reflected in the acceleration time (Tmax) and in the maximum systolic 
frequency shift (Fmax), and may be interpreted as a result of decreased 
vasoconstriction and altered arterial impedance. Tmax seems the most 
sensitive parameter for detection of CyA-mediated changes in renal transplant 
hemodynamics. Studies to evaluate whether quantitative Doppler analysis, 
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including determination of Tmax, can be used to distinguish between diffe­
rent causes of renal allograft dysfunction in a clinical setting are being 
undertaken. 
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CHAPTER 10 
COMPUTER SIMULATIONS IN COMPARISON WITH IN VIVO 
MEASUREMENTS OF NIFEDIPINE INDUCED CHANGES IN RENAL 
ALLOGRAFT HEMODYNAMICS 
J.W.S. Merkus, W.NJ.C. van Asten, L.B. Hilbrands, A.J. Hoitsma, R.A.P 
Koene, S.H. Skotnicki. 
J Ultrasound Med 1993; 12: 517-523 
Abstract 
Analysis of Doppler spectrum waveforms is increasingly used in the differential diagnosis of 
human renal allograft dysfunction. The physiological interpretation of changes in Doppler spectra 
obtained from renal allografts, however, remains a major problem. Computer simulation models 
of the renal circulation may provide insight in the physiological mechanisms responsible for 
changes in Doppler spectrum characteristics. The results of measurements of renal allograft 
hemodynamics with both determinations of para-aminohippurate (PAH) clearance measurements 
and Doppler spectrum analysis in 11 kidney allograft recipients, were explained physiologically 
using a computer simulation model of kidney allograft hemodynamics. Using PAH clearance and 
blood pressure measurements a significant decrease in renal vascular resistance (RVR) was found 
(0.32 ± 0.17 to 0.20 ± 0.07 mmHg χ min/ml (P<0.05)) after administration of the vasodilatory 
drug nifedipine. The Doppler spectrum waveform obtained from interlobar renal arteries showed 
a decrease in the Resistance Index (RI) (from 0.60 ± 0.04 to 0.56 ± 0.06; P<0.05) and accelerati­
on time (Tmax) (from 133 ± 32 to 98 ± 32 ms; P<0.05). The user-designed simulation model of 
renal hemodynamics showed comparable changes of the waveform when, in the model, the 
analogs of blood pressure, impedance of the artery, and the impedance of the peripheral vascular 
bed were altered proportionally. 
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Introduction 
Doppler spectra of arterial blood velocities are widely used in the detection 
of stenotic lesions in the arterial system'. The Doppler spectrum waveform 
can also be used to assess the physiological state of a vascular bed distal 
from the site where the spectrum is obtained. This has been done in uterine2, 
umbilical3, renal4,3, and celiac arteries6. We currently are investigating the 
applicability of Doppler spectrum waveform analysis in the assessment of the 
hemodynamics of human kidney transplants. In all studies, the appropriate 
physiological interpretation of specific changes in waveform characteristics 
constitutes a major problem. 
A physiological approach of waveform interpretation has been described by 
Skidmore and Woodcock7. Although their model is mathematically sound 
and useful for theoretical considerations, it does not facilitate easy interpreta-
tion of changes in the Doppler waveform, owing to complex quantifiability2. 
Another approach to the understanding of arterial hemodynamics is the use of 
electrical analog models of the arterial circulation8,9·10. In these models the 
arterial circulation is simulated by representing pressure by voltage and 
blood flow by electrical current. The characteristics of conducting arteries are 
simulated by a resistor, an inductor, and a capacitor in a transmission line 
model. In all three elements of the model specific physiological characteris-
tics are represented. To simplify, it may be said that the resistor is most 
influenced by the effective radius of the artery, the capacitor represents the 
elasticity and thickness of the arterial wall, and the inductance is influenced 
mainly by blood characteristics. The properties of the peripheral vascular bed 
are simulated by an impedance terminating the electrical model. Because not 
all possible factors influencing hemodynamics can independently be included 
in these kind of models, several assumptions must be made in the constructi-
on of the models. Usually, blood density and viscosity, heart rate and cardiac 
output are assumed to be constant. Nevertheless, the models enable simulati-
on of changes in the physiological properties of the proximal conducting 
arteries as well as simulation of changes in the properties of the peripheral 
vascular bed. 
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[η this study we present an electrical analog model of the human renal 
iirculation and demonstrate its suitability for generating changes in the 
waveform that are similar to changes observed in Doppler spectrum wave-
Forms obtained from kidney allografts. The model can be helpful in under­
standing which physiologic changes may be responsible for particular 
changes of the Doppler spectrum waveform. 
Die hemodynamics of a renal transplant can be assessed with clearance 
studies and blood flow velocity studies concomitantly. The transplants 
îxcretory features enable assessment of renal vascular resistance (RVR), 
whereas the superficial position of the renal transplant in the iliac fossa 
ìnables easy acquisition of Doppler spectra from arterial blood velocities. In 
rivo, we induced hemodynamic changes in the renal transplant by administra-
ion of nifedipine to recipients of a renal allograft receiving cyclosporine 
mmunosuppression. Hemodynamic changes were observed with measure-
nents of para-aminohippurate (PAH) clearance and blood pressure and by 
malysis of the changes in Doppler spectrum waveforms. The data on blood 
jressure and RVR obtained from the in vivo experiments were imposed on 
he model to see whether the simulation model could produce similar changes 
η waveform as those seen in vivo. Guided by these simulations we tried to 
ichieve an appropriate physiological interpretation for the Doppler waveform 
changes observed in vivo. 
Material and methods 
r
n vivo measurements of renal allograft hemodynamics. In 11 recipients of a 
cadaveric renal allograft (9 male, 2 female, mean age 39 ± 12 years) with 
»table graft function, measurements of renal hemodynamics were performed 
12 weeks after transplantation. Mean serum creatinine level was 135 ± 35 
лпоІЛ and no signs of rejection occurred in the periods before and after the 
neasurements. All patients received CyA immunosuppression and low-dose 
srednisone. All patients gave informed consent. Measurements of renal 
lemodynamics and echo-Doppler examinations were performed before and 45 
minutes after the oral administration of 10 mg nifedipine. Nifedipine was 
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chosen as a provocative drug because it has a known renal vasodilatory 
action11. 
РАН-clearance measurements. Renal clearance of PAH was used as a marker 
of effective renal plasma flow (ERPF). Urine was collected during consecuti­
ve 30 minute intervals and blood samples were drawn at the midpoint of each 
interval. Sufficient diuresis was established by an initial oral water load of 10 
ml/kg at the start of the measurements, followed by i.v. infusion of a soluti­
on, consisting of NaCl 0.25 % and glucose 3.3% at a rate of 400 ml/hr, and 
replacement of excess urinary loss by giving water orally. PAH was measu­
red in serum and urine samples and hematocrit (Ht) in blood samples using 
standard semi-automated techniques. РАН-clearance (ERPF) was calculated 
from РАН-concentrations in urine and plasma. Renal blood flow (RBF) was 
calculated as ERPF/(1-Ht) and corrected for a standard body surface area of 
1.73 m2. During the measurements blood pressure was registered every 3 
minutes with an automatic device. Renovascular resistance (RVR), a com­
monly used parameter for the estimation of renal resistance, is defined as 
mean arterial pressure (MAP) divided by RBF and expressed in arbitrary 
units. 
Doppler spectrum analysis. Doppler spectra were obtained with a commerci­
ally available color coded echo-Doppler scanner (Toshiba SSA-270A), using 
the B-mode image for guidance of the Doppler sample volume. Doppler 
spectra were obtained from segmental arteries in the medulla of the allograft 
and from interlobar arteries at the corticomedullary junction with a 3.75 Mhz 
sector probe. The angle between Doppler beam and artery under investigation 
was kept below 60 degrees at all times and was the same in consecutive 
examinations. With each examination also a Doppler spectrum from the 
common femoral artery on the side of the allograft was obtained using the 
5.0 Mhz linear array probe. Doppler spectra were stored on a personal 
computer for off-line analysis by a user-written program. The program 
calculates a maximum frequency waveform from the Doppler spectrum, 
representing the instantaneous maximum frequency for every time moment. 
The algorithm by which these waveforms are derived consists of a local 
convolution process of the spectrum, with a window 5 spectral lines wide and 
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3 frequency bits high and determination of the maximum frequency wave-
form followed by fast Fourier transform 20 Hz low-pass filtering. Subse-
quently several parameters describing the Doppler waveform are calcula-
ted1,12. Figure 1 shows a Doppler spectrum from a segmental artery and the 
derived parameters as produced by the computer program. The Resistance 
Index (RI) is calculated according to the method of Planiol and Pourcelot13. 
The Pulsatility Index20 was used for quantification of the spectrum from the 
the common femoral artery, because it is more suitable to describe spectra 
from arteries supplying high resistance vascular beds. 
Fmax 
Figure 1. Doppler spectrum from a segmental artery with maximum frequency curve and 
descriptive parameters. Legend: Fmax = maximum systolic frequency shift; Fdia = diastolic 
frequency shift; Tmax = acceleration time of the systolic deflection; Tdown = deceleration time 
of the systolic deflection; Mean = mean frequency shift during one heart cycle. 
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Computer simulation of renal hemodynamics. The model, developed on 2 
personal computer, is an electric analog model similar to those used by others 
to simulate blood flow velocity waveforms in the human leg14, the uterine 
artery in pregnant women8, or the umbilical artery10,15. In short, in the 
ïlectrical analog model blood pressure is represented by voltage and flow bj 
electrical current. The artery to the renal transplant was modeled as a trans-
mission line consisting of elements that mimic vessel resistance, vessel 
compliance and blood inertia. The distal renal vascular bed was modeled by г 
resistor and capacitor in parallel. As input for the model a signal was created 
representing the pressure waveform in the iliac artery. This signal has a DC 
:omponent which reflects the diastolic pressure, combined with an AC com­
ponent modeling the pulsatile character of the pressure waveform. Numerical 
values for the elements representing vessel resistance, vessel compliance, and 
blood inertia are calculated according to expressions derived by Rideout and 
Dick16, valid for quasisteady flow in an artery of radius г (m) and length ¡ 
[m). The resistance (R) is given by: 
8πτ·4 
where μ is the viscosity of blood. 
Die capacitance (C) is given by: 
2Ed 
where E is the Young's modulus of the vessel wall and d (m) is the vessel 
wall thickness. 
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The inductance (L) is given by: 
9ml 
4πι·2 
where m is the mass density of blood. 
Hie onset values used for the constants μ, E and m were17,18,19: 
μ = 4-103 kg mV', 
E = 5-103 Nm2, and 
m=1.0-103kgm-3. 
Figure 2 shows a diagram of the basic elements of the model. The proximal 
part of the model represents the artery from which the waveform is obtained, 
whereas the distal part represents the peripheral vascular bed. The blood flow 
velocity waveforms that were computed by the model were compared 
qualitatively with blood flow velocity waveforms measured by Dopplet 
sonography. During simulation of hemodynamic changes, some characteristics 
af the model, representing the wall thickness of the renal artery (d/r = 0.15), 
md the length of the renal artery (5·10~2 m) were assumed to be constant and 
ire comparable to the proportions of normal anatomy. Other parameters ol 
the model, representing blood pressure, vessel impedance, and the peripheral 
resistance were varied. In this way, the physiologic changes that had been 
observed in the patients undergoing in vivo measurements of renal hemody­
namics were simulated. A comparison could be made between the changes ir 
Doppler spectrum derived waveforms and the simulated waveforms. This 
snabled us to appreciate which physiologic properties are responsible for the 
riemodynamic changes seen with the РАН-clearance measurements and the 
Doppler waveform measurements. 
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Artery model Transmission 
,— line —, 
Figure 2. Diagram of the basic elements of the computer simulation model of renal hemody­
namics. R, L and С simulate the artery characteristics (R = resistor, L = inductance, С = 
capacitance; see text for definitions). 
Statistical analysis was performed with Student's t-test for matched pairs. 
Probability values below 0.05 were considered statistically significant. 
Results 
In vivo measurements of renal allograft hemodynamics. The effects of the 
administration of nifedipine on blood pressure and renal hemodynamics are 
shown in Table 1. Systolic and diastolic blood pressures decreased signifi­
cantly after administration of nifedipine. MAP fell from 116.3 ± 10.5 to 
101.1 ± 11.7 (p<0.01). Despite this fall in MAP, RBF increased, resulting in 
a significant reduction in the calculated RVR. Significant changes were also 
observed in Doppler parameters derived from spectra obtained from the 
segmental and interlobar arteries of the renal allograft (Table 2). The accele­
ration time of the systolic peak of the Doppler waveform (Tmax) became 
shorter in both arteries. In the interlobar arteries a concomitant decrease was 
found in RI. In Doppler spectra obtained from the common femoral artery, 
distal to the end-to-side anastomosis of the renal artery with the iliac artery, 
no significant changes were noted after administration of nifedipine. 
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Table 1. Effects of administration of nifedipine on blood pressure and renal hemodynamics 
in 11 renal transplant recipients on CyA immunosuppression 
Nifedipine administration 
Systolic BP (mmHg) 
Diastolic BP (mmHg) 
MAP (mmHg) 
Heart rate (bpm) 
RBF (т тЫІЛЗт2) 
RVR (mmHg χ min/ml) 
before 
163.0 ± 16.2 
90.6 ± 10.8 
116.3 ± 10.5 
63.5 ± 8.6 
445 ± 168 
0.32 ± 0.17 
after 
142.5 ± 16.6 
77.0 ± 9.6 
101.1 ± 11.7 
75.0 ± 14.5 
559 ± 184 
0.20 ± 0.07 
Ρ 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
BP= Blood Pressure; MAP= Mean Arterial Pressure; bpm= beats per minute; RBF= Renal 
Blood Flow; RVR= Renal Vascular Resistance. 
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ГаЫе 2. Results of analysis of Doppler spectra before and after administration of nifedipi­
ne in 11 renal transplant recipients on CyA-immunosuppression 
Segmental artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
PI 
Interlobar artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
PI 
Femoral artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
PI 
Nifedipine administration 
before 
1612 ± 663 
635 ± 328 
130 ± 41 
0.61 ± 0.05 
1.07 ± 0.15 
932 ± 209 
374 ± 92 
133 ± 32 
0.60 ± 0.04 
1.01 ±0.11 
2655 ± 783 
-833 ± 233 
105 ± 14 
6.1 ± 0.9 
after 
1842 ± 411 
712 ± 203 
79 ± 34 
0.62 ± 0.07 
1.08 ± 0.21 
1037 ± 285 
448 ± 122 
98 ± 32 
0.56 ± 0.06 
0.93 ± 0.17 
2927 ± 778 
-773 ± 222 
104 ± 17 
5.6 ± 1.5 
Ρ 
0.241 
0.441 
0.014* 
0.874 
0.899 
0.261 
0.070 
0.008* 
0.025* 
0.048* 
0.056 
0.468 
0.932 
0.395 
P<0.05; For explanation of parameters see fig. 1. 
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Computer simulation of renal hemodynamics. The computer simulador 
model, designed with the abovementioned characteristics and numerical 
values, produced velocity waveforms of the femoral artery and the renal 
artery that were comparable to the Doppler waveforms that were obtained 
from the kidney allograft recipients (Fig 3). By changing the peripheral 
impedance of the model, waveforms characteristic for low and high resistance 
peripheral vascular beds could be generated. The upper part of Figure 3 
shows a waveform with low peripheral resistance (renal vascular bed), 
whereas the lower part of the figure shows the waveform in cases of increa-
sed peripheral resistance (femoral artery). 
Figure 3. Arterial waveforms from the renal artery (top, low peripheral resistance) and the 
"femoral artery (bottom, high peripheral resistance) as produced by the computer model (lef) 
janel) and as obtained from a renal allograft recipient (right panel). 
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The in vivo experiments had shown a decrease in blood pressure and in 
RVR. Simulation of the decrease in mean blood pressure did not alter the 
shape of the simulated waveform. The mean level of the waveform, however, 
decreased. This decrease was abolished when the peripheral resistance of the 
model was reduced to the same extent as seen with the PAH clearance 
measurements. This was done by decreasing the impedance of the model 
which represents the distal vascular bed. Additionally, to achieve a change in 
the shape of the simulated waveform the impedance of the modelled supply-
ing artery was altered by increasing the resistor and the inductor in the 
proximal part of the model. As a result of these changes in the model 
(representing the changes in the supplying artery and the peripheral vascular 
bed), the systolic and diastolic level of the waveform increased and the 
systolic deflection of the waveform showed a shorter acceleration time. In 
terms of Doppler parameters this lead to a lower RI and a decrease in Tmax 
(Fig 4). The changes in the simulated waveform were similar to the changes 
seen in the in vivo experiments. The simulated blood flow velocity waveform 
of the femoral artery did not show any changes in shape during all simulation 
experiments, which is also in concordance with the observations done in the 
in vivo experiments. 
/ 
/ 
Figure 4. Computer simulated arterial waveforms from the renal artery. The lower part of the 
figure shows the waveform before changes in peripheral and proximal impedance. The upper part 
shows the produced waveform after imposing on the model the changes comparable to those 
observed in the in vivo measurements. The vertical lines indicate the start and the end of Tmax 
of each curve. Note that Tmax and RI are decreased in the upper curve. 
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Discussion 
Doppler spectrum analysis is a noninvasive technique that is increasingly 
used for the assessment of hemodynamic changes in vascular beds1"6. Quanti-
fication of the changes in Doppler spectra is usually done using RI13 or PI20 
Fronek and coworkers12 introduced a more detailed explanation of the 
Doppler spectrum waveform, describing the maximum frequency curve of the 
Doppler spectrum by parameters in the frequency and the time domair 
(Doppler parameters). In this study we tried to appraise the hemodynamic 
changes in renal transplants with Doppler spectrum analysis. For the quantita-
tive analysis of Doppler spectra, we used a computer program, developed ir 
our vascular laboratory, which automatically determines the maximurr 
frequency waveform and the descriptive parameters of the Doppler wave-
form1. 
Die physiologic interpretation of changes in Doppler parameters, however, 
remains a complex problem. Skidmore and Woodcock7 introduced a mathe-
matical model that allows theoretical analysis of the physiological entities 
that influence the arterial waveform in arteries with a high peripheral resis-
tance. More specifically, they have indicated the vascular wall elasticity, the 
proximal radius of the artery and the peripheral resistance as determinants oi 
the shape of the waveform. From their mathematical model it can be derived 
that RI and Tmax are parameters associated with changes in peripheral 
resistance and vascular impedance. This mathematical model does not, 
however, permit easy interpretation of changes in Doppler spectrum wave-
Forms2 and becomes less accurate for arteries supplying a vascular bed with a 
low peripheral resistance, as present in a renal allograft. Electrical models 
permit simulation of changes in the analogs of physiologic entities thai 
influence the waveform8"10, 14, 15. The electrical analog model of the renal 
arterial circulation that we developed enabled us to simulate the waveforms 
that can be obtained from Doppler spectra from human kidney allografts 
Because the renal transplant is an excretory organ, assessments of hemodyna-
mic changes can also be performed with clearance measurements. This 
provides a unique opportunity to compare changes in hemodynamics as 
observed with Doppler spectrum analysis with those observed with clearance 
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Tieasurements. Concomitant measurements of PAH clearances during the in 
/ivo experiments could thus be used as a confirmation of changes in hemo-
iynamics as observed by Doppler spectra. When the observed changes from 
he in vivo experiments were translated to changes in the corresponding 
jarameters of the electric analog model, the changes in the resulting wave-
Form were in agreement with the Doppler waveform changes observed in the 
η vivo experiments. The model thus appeared to be an appropriate represen-
ation of the renal allograft circulation and may thus be used to evaluate 
changes in the blood velocity waveform under changing hemodynamic 
conditions. 
[n vivo, Doppler spectrum analysis showed a significant decrease in RI aftei 
lifedipine administration in the interlobar arteries, which are closest to the 
згоЬаЫе site of the vasoconstrictive action of CyA21,22" This was associated 
¡vim a decreased RVR, as determined with the PAH clearance measurements. 
ГЪе simulation model also showed that a decrease of RI can be obtained by 
decreasing the peripheral resistance despite a decrease in blood pressure. The 
Гтах of the waveform decreased not only in interlobar arteries but also in 
lie more proximal segmental arteries. In the model, the decrease in Tmax, 
tvas achieved by changing the impedance of the simulated artery. The 
impedance of the modeled artery consists of elements representing the radius 
af the artery and the vascular wall elasticity. This implies that the change in 
he waveform, as seen in the in vivo experiments, may be explained by 
changes in these properties of the insonated artery. To decrease Tmax, the 
"adius of the insonated vessel may have decreased. The decreased blood 
jressure may have caused this decrease in the radius of the insonated artery. 
Despite this decrease in radius of the insonated artery, the administration ol 
lifedipine must have lowered the collective resistance of the peripheral 
irterioles of the allograft, resulting in a lower overall resistance of the 
illograft. The observed changes in Doppler spectrum waveform may thus be 
attributed to a decreased peripheral resistance, due to vasodilatory effects of 
lifedipine on intrarenal arterioles, that were preconstricted by CyA, and to a 
change in the impedance of the more proximal artery, possibly mediated by 
he decrease in blood pressure. 
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As mentioned, the Doppler parameters that changed significantly after the 
administration of nifedipine were RI and Tmax. The RI has been a commonly 
used parameter to describe a Doppler spectrum waveforms since its introduc­
tion in 197413. Tmax, however, is a more rarely mentioned parameter in 
Doppler studies. Despite the fact that one of the early publications of Dopplei 
spectrum analysis in human kidney transplantation had shown that ал 
increase in the acceleration time of the Doppler spectrum waveform was 
associated with decreased renal function23, the parameter has not found 
general acceptance. In the assessment of aortoiliac obstruction in patients 
ivith claudication we have, however, found it to be a powerful tool in 
identifying proximal stenoses1. In renal transplantation we have also found it 
:o be one of the parameters that changes most after hemodynamic changes in 
lie allograft5. In addition, from the current observations it appears to be of 
significant value as a measure of hemodynamic changes as well in the in 
vivo experiments as in the computer simulations. In other simulation experi­
ments8,14 the acceleration time of the pressure waveform or the blood flow 
velocity waveform has also been shown to depend on the impedance of the 
model. It seems to us that the Tmax of the waveform on the basis of theoreti­
cal considerations7, of simulation experiments8,14, and of clinical studies1,5,8 is 
ι parameter that deserves more attention in Doppler studies. The advantage 
hat RI and PI have of being independent of the angle between the insonating 
Doppler beam and the insonated vessel is also valid for the Tmax the 
waveform. 
Conclusions. Electrical analog models of the renal allograft circulation allow 
he simulation of physiologic changes to evaluate their effects on the directi-
эп of changes in blood flow velocity waveforms. The model presented in this 
itudy was able to produce changes in the waveform that were comparable to 
hose seen in the in vivo assessments of renal allograft hemodynamics. 
Because several assumptions must be made in constructing these simulation 
models, the observations must be interpreted carefully. The use of modeled 
lemodynamics, however, seems a useful basis for theoretical reflections. 
Beside the RI, the Tmax of a blood flow velocity waveform appears to be a 
sensitive measure for changes in the hemodynamic properties of a vascular 
sed. 
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CHAPTER 11 
DOPPLER SPECTRUM ANALYSIS TO DIAGNOSE REJECTION 
DURING POST-TRANSPLANT ACUTE RENAL FAILURE 
I.W.S. Merkus, W.N.J.C. van Asten, A.J. Hoitsma, R.A.P. Koene, S.H 
Skotnicki. 
Transplantation; accepted 
Abstract 
During posttransplant acute renal failure (ARF) the diagnosis of allograft rejection constitutes a 
major problem. We evaluated the value of Doppler ultrasonography in identifying grafts at risk of 
rejection during ARF. In 184 recipients of a renal allograft, Doppler examinations were 
performed on the first and fifth post-operative day. Doppler spectra were quantitatively analysed 
with a user written computer programme. Doppler findings were not used in clinical decision 
making. ARF was defined as a diuresis <400 ml/24hr and/or the necessity for dialysis. Doppler 
spectra obtained on the first day after transplantation showed a Resistance Index (RI) of 0.59 ± 
0.09 in recipients with immediately functioning cadaveric grafts (n=123), while living related 
donor grafts (n=20) showed a lower RI (0.55 ± 0.07;p<0.05). Grafts with ARF (n=41) showed a 
considerably higher RI (0.67 ± 0.13;p<0.05). When grafts with a duration of ARF <4 days (n=17) 
were compared with ARF >4 days (n=24), RI was not different (0.63 ± 0.07 vs 0.68 ± 0.15;ns). 
However, the acceleration time of the systolic deflection of the spectrum waveform (Tmax) was 
shorter in grafts with ARF >4 days (86 ± 47ms vs 128 ± 39ms; p<0.05). On the fifth day after 
transplantation Doppler spectra in grafts with ARF >4 days (n=24) showed a Tmax <90 ms in 9 
patients, 8 of whom experienced a rejection during ARF (positive predictive value (ppv) 8/9= 
89%). For the RI (>0.85) ppv was 4/5= 80%. In those with Tmax £90 ms (n=15) two rejections 
occurred during ARF (negative predictive value (npv) 13/15= 87%). The RI (<0.85) showed a 
npv of 13/19= 68%. 
In conclusion, a short acceleration time of the Doppler waveform on the first day after transplan-
tation is associated with a longer duration of ARF. Quantitative analysis of Doppler spectra can 
be helpful in the identification of patients at risk for rejection and in the timing of allograft 
biopsy during ARF. Persistently short Tmax-values on the fifth day after transplantation performs 
better in identifying grafts at risk of rejection than high RI values. 
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Introduction 
In the early period after renal transplantation the kidney allograft is subject to 
several possible complications. In allografts with Acute Renal Failure (ARF) 
after transplantation, it is difficult to distinguish between ongoing ARF and 
rejection. Serum creatinine levels cannot be used during ongoing dialysis and 
even when dialysis is not necessary, slowly dropping serum creatinine levels 
and slowly increasing urine production may conceal the onset of rejection. 
Several techniques are used for monitoring renal allografts after transplantati-
on, among which radionucleid scans1,2, ultrasonography2'3 and echo-Doppler 
examinations. The value of the latter technique is still uncertain and conflic-
ting results have been published. Some authors report favorably on the 
capability of Doppler ultrasonography to identify grafts at risk of rejection 
during post-transplant ARF 4"*, whereas others find no distinction in Doppler 
findings between ongoing ARF and rejection7"12. Most studies use the Resis-
tance Index (RI) or the Pulsatility Index (PI) to describe the Doppler spec-
trum waveform. Hemodynamic alterations in the kidney allograft may, 
however, cause changes in the Doppler spectrum waveform that are not 
reflected in changes in the RI but in other characteristics of the waveform13"15. 
To identify these changes the description of a Doppler spectrum waveform 
may be extended to a set of waveform descriptive parameters as proposed by 
Fronek et al.16 in their hemodynamic studies in the lower extremities. 
This study was designed to describe quantitatively the hemodynamic differen-
ces between renal allografts in different post transplant conditions and, 
secondly to to evaluate the capacity of Doppler spectrum analysis in the 
detection of grafts at risk of rejection during post transplant ARF. 
Patients and methods 
All patients who received a kidney allograft in our center between October 
1989 and October 1991 and who gave informed consent were included in the 
study. The transplantation procedure and post-transplantation care were done 
as described previously17. The transplantation protocol includes moderate 
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hydration during and after operation and peroperative administration of 250 
ml mannitol 20%. Blood pressure was kept at 120 mmHg systolic throughout 
the operation and thereafter by administering alternating volumes of saline 
ind glucose 5%. Immunosuppression was achieved by intravenous infusion of 
;yclosporin 3 mg/kg/day starting 6 hours after the operation. Oral administra-
tion (12 mg/kg/day) was started on day 4 after transplantation. Prednisone 
was administered in a dosage of 25 mg during the first four weeks. 
Doppler ultrasound examinations were performed on the first day after 
ransplantation and thereafter on alternating days. We used a Toshiba SSA-
Z70-A color duplex scanner. The probe (3.75 Mhz) was placed laterally from 
he operation wound so that the kidney allograft was visualised. The B-mode 
mage with color-coded Doppler representation was used to locate the 
ntrarenal arteries. During each examination Doppler spectra of the large 
jranches of the renal artery (segmental arteries) near the hilum of the 
illograft were obtained as well as spectra of the interlobar arteries at the 
;ortico-medullar junction. The angle between the artery under investigation 
ind the insonating ultrasound beam was kept smaller than 60 degrees at all 
imes. Special attention was given to the location of the Doppler sample 
/olume in relation to the anatomy of the allograft, so that in subsequent 
examinations in the same patient spectra would originate from arteries of 
comparable size and location. During each examination also a Doppler 
¡pectrum from the femoral artery at the side of the renal allograft was 
jbtained, as reference value of the hemodynamics in the artery supplying the 
illograft. Doppler spectra were digitally stored on a personal computer for 
jff-line analysis. A user-written programme calculates a maximum frequency 
:urve from the spectrum for the positive and negative frequency shifts 
¡eperately. The programme then derives from these curves several parameters 
hat characterize the waveform16, '8. A Doppler spectrum from a segmental 
irtery and the derived parameters from the maximum frequency curve is 
ihown in Figure 1. The Resistance Index (RI) is calculated according to 
Planiol and Pourcelot19. The Pulsatility Index20 was used for quantification of 
he spectrum from the the common femoral artery, because it is more suitable 
:o describe spectra from arteries supplying high resistance vascular beds. 
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;-!- frequency (kHz) 
time (s) 
Figure 1. Doppler spectrum from a segmental artery with maximum frequency curve and 
descriptive parameters. Legend: Fmax = maximum systolic frequency shift; Fdia = diastolic 
frequency shift; Tmax = acceleration time of the systolic deflection; Mean = mean frequency 
shift during one heart cycle. RI = Fmax-Fdia/Fmax; PI = Fmax-Fdia/Mean 
Pre- and post-transplantation characteristics and clinical data of the patients 
were registered without knowledge of the findings of echo-Doppler examina-
tions. The duration of ARF was registered as the number of days that the 
diuresis from the graft was less than 400 ml/day and/or the necessity for 
dialysis, while other causes of renal dysfunction (vascular obstruction or 
urinary tract obstruction) were excluded by radionucleid scans or separately 
performed ultrasound investigations. Retrospectively a clinical diagnosis was 
made of every dysfunction of the grafts. Biopsies, that were only taken when 
there was difficulty in discriminating between ongoing ARF, rejection or 
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cyclosporine nephrotoxicity, were also taken into account in this diagnosis. 
Patients were divided in groups with regard to the occurrence of ARF. 
Allografts from living related donors (LRD) were allocated to a separate 
group because their pre-transplant history is obviously different from that of 
cadaveric donors. The Doppler characteristics on the first day after transplan-
tation of allografts with ARF and those with immediate function were 
compared. From two of the Doppler parameters that are independent of the 
Doppler angle, correlations with the duration of ARF (in days) were calcula-
ted. Doppler spectrum derived parameters from grafts with short and long 
periods of ARF were compared. Finally, an analysis was made to assess 
which Doppler parameter was the most discriminative for the detection of 
rejection in patients with prolonged posttransplant ARF. 
All values are given as means + SD and statistical analysis was done using 
Wilcoxon test. Spearman correlation coefficient was used in the calculation of 
correlations. ROC-curves were used to obtain discriminating cutoff values for 
the diagnosis of rejection during ARF. Probability values below 0.05 were 
considered significant. 
Results 
During the observation period 184 patients were included. Twenty of these 
were recipients of kidneys from living related donors. Acute Renal Failure 
(ARF) occurred in 41 of the 164 recipients of a cadaveric graft (33 %). The 
clinical pre- and posttransplantation characteristics of these patients are 
shown in Table 1. Obviously, total ischemia time was significantly shorter in 
LRD-grafts. Between grafts with ARF (ARF+) and grafts without ARF 
(ARF-) there was no significant difference in total ischemia time. The 
diuresis on the first day, serum creatinine levels at the first post-transplantati-
on day and at three months after transplantation, and the number of biopsies 
and rejections in the first three months was most favourable for the LRD 
grafts, whereas the number of biopsies and the number of rejection episodes 
were highest in the ARF+ group. Graft loss due to rejection in the first three 
months after transplantation was also highest in this group. 
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ГаЫе 1. Pre- and post-transplantation characteristics of LRD grafts and cadaveric grafts 
with and without ATN 
LRD ARF- ARF+ 
(n=20) pi (n=123) p2 (n=41) 
Total ischemia time 1.05 ± 0.22 0.000 29.5 ± 7.5 ns 31.5 ± 7.0 
(hr) 
Anastomosis time 37.8 ±11.2 ns 37.4 ± 9.2 ns 39.7 ±11.1 
(min) 
Serum creatinine on 307 ± 157 0.000 646 ± 308 0.0001 877 ± 283 
day 1 (umol/l) 
Diuresis on day 1 (ml) 2705 ± 1422 0.000 1395 ± 1120 0.0000 229 ± 490 
Serum creatinine at 3 137 ± 3 1 ns 144 ± 44 0.0000 198 ± 94 
months after Tx 
(цтоІЛ) 
Number of biopsies in 0.25 ± 0.55 ns 0.45 ± 0.66 0.0002 0.95 ± 0.81 
first 3 months (n) 
Number of rejections 0.35 ± 0.67 ns 0.49 ± 0.81 0.03 0.81 ± 0.98 
in first 3 months (n) 
Grafts lost to rejection 5% (1/20) 0.04 14% (17/123) 0.03 32%(13/41) 
in first 3 months (%)" 
\RF = Acute Renal Failure; LRD = Living Related Donor; Tx = Transplantation. "Figures 
between parentheses indicate actual numbers, pi = ρ value of Wilcoxon test for twe 
groups between LRD and ARF- groups; p2 = ρ value of Wilcoxon test for two groups 
between ARF- and ARF+ groups; 
Ml included patients were examined with Doppler ultrasound on the first and 
Fifth day after transplantation. The Doppler parameters of the living related 
donor-grafts and the cadaveric grafts with and without ARF that were 
Dbtained on the first day after transplantation are shown in Table 2. Dopplet 
spectra showed higher systolic (Fmax) and diastolic (Fdia) frequency shifts in 
LRD than in ARF- grafts in both intrarenal arteries. The Resistance index 
ivas lower in the segmental artery in the LRD grafts. ARF+ grafts showed 
significantly lower diastolic frequency shifts and higher RI in both segmental 
Hid interlobar arteries when compared with the ARF- grafts and LRD grafts. 
ГЪе acceleration time of the systolic deflection of the Doppler waveform 
^Tmax) was shorter in the interlobar artery in the ARF+ grafts. The analysis 
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DÌ Doppler spectra from the femoral arteries showed no differences among 
the three groups. 
ГаЫе 2. Results of analysis of Doppler spectra obtained on day 1 after transplantation in 
LRD grafts and cadaveric grafts with and without ARF 
Segmental arter) 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
Interlobar artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
Femoral artery 
Fmax (Hz) 
Fmin (Hz) 
Tmax (ms) 
PI 
LRD 
(n=20) 
f 
1399 ± 361 
642 ± 197 
118 ± 31 
0.55 ± 0.07 
1058 ± 352 
473 ± 138 
111 ± 33 
0.55 ± 0.09 
2460 ± 809 
-653 ± 188 
88 ± 15 
4.20 ± 0.95 
Pi 
0.002 
0.001 
ns 
0.025 
0.008 
0.001 
ns 
ns 
ns 
ns 
ns 
ns 
ARF-
(n=123) 
1131 ± 355 
460 ± 152 
117 ± 35 
0.59 ± 0.09 
862 ± 299 
373 ± 118 
122 ± 34 
0.57 ± 0.09 
2472 ± 642 
-736 ± 272 
92 ± 17 
4.40 ± 1.40 
p2 
ns 
0.01 
ns 
0.0002 
ns 
0.001 
0.006 
0.0004 
ns 
ns 
ns 
ns 
ARF+ 
(n=41) 
1128 ± 355 
386 ± 204 
107 ± 55 
0.67 ±0.13 
808 ± 3 1 6 
301 ± 131 
103 ± 48 
0.63 ±0.14 
2470 ± 772 
-698 ± 286 
84 ± 25 
4.46 ± 1.53 
Рог explanation of parameters see Fig. 1. ARF = Acute Renal Failure; LRD = Living 
Related Donor; pi = ρ value of Wilcoxon test for two groups between LRD and ARF-
jroups; p2 = ρ value of Wilcoxon test for two groups between ARF- and ARF+ groups; 
Го assess differences in the Doppler characteristics during ARF, the correlati-
Dns of RI and Tmax with the duration of ARF (in days) were calculated. Fig 
ZA shows the values of RI at the first day after transplantation as a function 
af the duration of ARF. There was a significant, positive correlation with the 
duration of ARF (r=0.36; p<0.05). Tmax showed a significant, negative 
ion-elation (r=0.55; p<0.05) with the duration of ARF (Fig 2B). 
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Figure 2A. Values of RI derived from Doppler spectra obtained on day 1 after transplantation 
plotted as a function of the duration of ARF (days). 
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Figure 2B. Values of Tmax (ms) derived from Doppler spectra obtained on day 1 after transplan­
tation plotted as a function of the duration of ARF (days). 
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Additionally, the 41 patients with ARF were retrospectively divided in two 
subgroups. The first group were those patients who encountered only a short 
period of ARF and recovered renal function within 4 days after transplantati­
on (n=17). The other group consisted of grafts that regained function after 
more than 4 days or did never regain satisfactory function (n=24). Table 3 
shows the Doppler parameters obtained from the grafts encountering a short 
period (< 4 days) and those with a long period (>4 days) of ARF. The only 
significant difference between these two groups was found in Tmax in 
segmental and interlobar arteries. 
Table 3. Results of analysis of Doppler spectra obtained on day 1 after transplantation in 
grafts with short and long duration of ARF 
ARF <4 days ARF >4 days 
(n=17) (n=24) 
Segmental artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
Interlobar artery 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
RI 
Femoral artery 
Fmax (Hz) 
Fmin (Hz) 
Tmax (ms) 
PI 
1107 ± 440 
420 ± 216 
133 ± 48 
0.63 ± 0.07 
823 ± 278 
324 ± 126 
128 ± 39 
0.61 ± 0.06 
2484 ± 712 
-709 ± 237 
88 ± 15 
4.20 ± 0.95 
1140± 297 
374 ± 193 
89 ± 54 
0.68 ±0.15 
810 ± 347 
296 ± 125 
86 ± 47 
0.64 ±0.15 
2468 ± 846 
-698 ± 321 
86 ± 15 
4.30 ± 1.32 
ns 
ns 
0.01 
ns 
ns 
ns 
0.006 
ns 
ns 
ns 
ns 
ns 
For explanation of parameters see Fig. 1. ARF = Acute Renal Failure; Ρ = Ρ-value of 
Wilcoxon test for two groups between ARF <4 days and ARF >4 days. 
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A total of 19 biopsies were taken from the patients with ARF within two 
weeks after transplantation. Four biopsies were taken in the group with a 
short period of ARF (n=17), none of which showed signs of rejection. The 
clinical course of the others in this group did not necessitate renal biopsy. In 
the group with a long period of ARF (n=24) 15 biopsies were taken, 10 of 
which showed signs of rejection. Thus, in 10 of the 41 patients with ARF 
(25%) a rejection developed within two weeks after the transplantation. All 
these rejections occurred in the group with a long period of ARF. The 
Doppler parameters obtained on the first day after transplantation that 
correlate with the duration of ARF may be used for the identification of the 
grafts at risk for longer periods of ARF. For example grafts with a value of 
Tmax < 100 ms on day one after Tx have a risk of (8/18) 45% of rejection 
during ARF; in grafts with a value of Tmax of >100 ms on day one the 
incidence of rejection was (2/23) 9%. The changes of the Doppler parameters 
in grafts with ARF were studies by comparing the results obtained at days 
one and five after transplantation. In figures ЗА and 3B the values of RI and 
Tmax of spectra from segmental arteries are plotted for the group with a long 
period of ARF on the first and fifth day after transplantation with different 
marks for the grafts with (+) and without (o) rejection. Figure ЗА shows that 
the RI increases to its maximum value of 1.0 in 4 grafts with rejection, but 
that rejections also occurred in grafts with stable or decreasing RI. Tmax 
appeared to be widely scattered on the first day after transplantation. On the 
fifth day after transplantation, however, there appeared to be a shift between 
grafts with and without rejection, those with rejection having lower values of 
Tmax. 
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Figure ЗА. Values of RI on day 1 and day 5 after transplantation. '+' represents a patient 
experiencing rejection within two weeks after transplantation (dotted lines); 'o' represents a 
patient without rejection during ARF (closed lines). 
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Figure 3B. Values of Tmax (ms) on day 1 and day 5 after transplantation. '+' represents a patient 
experiencing rejection within two weeks after transplantation (dotted lines); V represents a 
patient without rejection during ARF (closed lines). 
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ROC-curves of the values of RI and Tmax on day five after transplantation 
are shown in Fig 4. At a cutoff value of 0.85 the RI on day 5 reaches a 
sensitivity of 40% and a specificity of 93% (Positive predictive value: 80%; 
negative predictive value: 68%). For Tmax, obtained on the fifth day, the best 
sensitivity (80 %) and specificity (93 %) is reached with a cutoff value for 
Tmax at 90 ms (Positive predictive value: 89%; negative predictive value: 
87%). 
-
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Figure 4. ROC-curves for Tmax and RI on the fifth day after transplantation. 
Discussion 
The occurrence of ARF is still a major problem in the early period after renal 
transplantation. Apart from the diagnostic problems that ARF causes, it 
appears to be associated with more rejection periods and decreased graft 
survival. It urges the attending physician to perform more biopsies and 
prescribe more anti-rejection therapy than in immediately functioning grafts21" 
23
. The causes of ARF are multiple. It has been attributed to combinations of 
ischemic (total ischemia time, anastomosis time) and immunologic factors 
(A/B/DR mismatches, retransplantation, antibody status)21"24. Although the 
number of patients in this series is too small to actually identify risk factors 
of ARF after renal transplantation, Table 1 shows that there is a trend of 
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longer ischemia times in ARF+ grafts (Table 1.)· The detrimental effects oi 
ARF on short and long term renal function and on graft survival are reflectec 
in the posttransplantation characteristics in Table 1. These detrimental effecti 
may be obviated when fast and accurate identification of the grafts, in which 
rejection develops during ARF, is possible. Biopsy is the gold standard foi 
the diagnosis of rejection. However, because of its invasive nature, biopsj 
can not be used as a tool for frequent monitoring. Non-invasive identificatior 
of the grafts at risk for rejection with Doppler spectrum analysis may provide 
aseful monitoring of grafts with posttransplantation ARF. 
Many studies have been performed on the applicability of Doppler ultrasono-
graphy in clinical practice of renal transplantation4"13. For the diagnosis ol 
vascular complications such as renal artery stenosis and arteriovenous fistulae 
in the allograft it appears a useful method25"27. The diagnosis of other compli-
cations, such as ARF or rejection, that may influence the hemodynamics ol 
the allograft, however, appears to be a complex problem, on which conflic-
ting results have been reported6,8> n. Most Doppler studies for the detection ol 
rejection during ARF have encountered the problem that the RI, which is the 
most commonly used parameter for the description of the Doppler spectrum 
waveform, was already high in patients with ARF10, u . To be able to identify 
other changes in waveform than those reflected in RI we used a more 
complete description of the Doppler waveform. An automated quantitative 
inalysis of the acquired Doppler spectra was used for this purpose16,18. 
Die results of analysis of Doppler spectra obtained on the first day aftei 
transplantation showed no differences in the spectra from the femoral arteries 
unong groups. The hemodynamics in the artery supplying the renal allograft 
were thus comparable in all patients. The Doppler parameters obtained from 
intrarenal arteries showed a significant inclination going from LRD-grafts tc 
ARF+ grafts (Table 2.). Indeed when two angle independent Doppler parame-
ters (Tmax and RI) were correlated with the duration of ARF significanl 
correlations were found. The hemodynamics of the renal allograft are thus 
influenced by the parameters that also influence the occurrence and duration 
of ARF. The accumulated damage, comprising the ischemic and immunologic 
damage that the graft has encountered during harvesting, transportation and 
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transplantation, represented in the duration of ARF, appears to be reflected in 
the Doppler parameters obtained on the first day after transplantation. Other 
authors have also shown that hemodynamic features of kidney allografts are 
related to the transplantation associated damage in both human kidney 
transplantation"· M and animal studies29,30. In concordance with our results, 
studies using Doppler parameters to measure these hemodynamic features 
have shown increased values of the RI as early as 20 minutes after vascular 
anastomosis31 and during the early postoperative period6, 7' ". There is, 
however, a wide range in RI and Tmax on the first postoperative day. This 
has also been found by other authors6, I0, м. This wide range in RI may 
explain the conflicting opinions of authors with regard to the value of 
Doppler spectrum analysis in the detection of rejection. Saarinen et al.6 
suggest to use a high RI as a selection criterium for grafts at risk for rejecti­
on, although in their series only half of the patients with a high RI experience 
a rejection. Other authors conclude on the basis of similar data that Doppler 
examination can only identify rejections in the absence of ARF10. 
The automated analysis of the Doppler waveform enabled us to identify the 
acceleration time of the Doppler spectrum waveform as an additional hemo­
dynamic characteristic that showed significant changes associated with the 
occurrence of ARF. Others have shown that changes in the acceleration time 
are associated with diminished graft function13,1S. We have shown earlier that 
Tmax is affected when renal hemodynamics are altered by drug interven­
tions14. To assess the diagnostic value of Doppler spectrum analysis for the 
diagnosis of rejection during ARF, when clinical signs of rejection are scarce, 
we also compared spectra from grafts with long and short periods of ARF. 
The grafts with a long period of ARF are the grafts in which the diagnosis of 
rejection is most difficult. Remarkably, the only parameter (Tmax) that 
showed no difference in the comparison of ARF+ and ARF- groups, was 
significantly shorter in patients with a long period of ARF. Allografts with a 
short Tmax on day one after transplantation had longer periods of ARF and a 
higher risk of rejection during the postoperative course. When sequential 
Doppler examinations were analysed, grafts with a persisting short Tmax 
showed a very high incidence (8/10) of rejection (Fig 3B). When we analysed 
the values of the RI in the same way it appeared that the RI showed a rising 
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tendency in most grafts from day 1 to day 5. The four grafts with RI's 
increasing to 1.0 all had a rejection, but in some of the grafts with rejection 
even a decreasing RI occurred. This controversy may be explained by the 
observations of Pozniak et al.30 that showed that in canine renal allografts the 
RI may show a decrease in the early phase of rejection. In clinical transplan­
tation other clinical signs may have prompted the physician to start anti-
rejection treatment before the renal vascular resistance increased. This 
observation may also explain the conflicting results that have been reported 
in the literature. The timing of Doppler examination during a rejection 
;pisode may influence the measured Doppler parameters. The RI, for exam­
ple, may indeed be low during the early phase of a rejection episode. When 
clinical diagnosis is also made early, the rejection may have been treated 
before renal vascular resistance increases sufficiently to cause a rise of the 
RI. In clinical settings where diagnosis of rejection is made early, the RI may 
thus not be a specific parameter for the detection of rejection. Figures ЗА and 
3B illustrate the alterations in Tmax and RI during ARF in grafts thai 
;ncountered rejection and those that did not. ROC-curves of RI and Tmax 
values obtained on day 5 after transplantation showed Tmax to be a more 
jseful Doppler parameter for the diagnosis of rejection episodes during ARF 
than RI. The difference between RI and Tmax may be explained by the fact 
that the RI depends mostly on the resistance of the peripheral vascular bed 
whereas Tmax depends mostly on the impedance of the insonated artery32. In 
our management protocol for ARF, monitoring the impedance of the insona­
ted artery (Tmax) of the renal allograft thus seems to yield a better indicator 
of the grafts at risk of rejection than monitoring the renal vascular resistance 
CM). 
During this study most biopsies were taken on the 9th to 13th day aftei 
transplantation. With the use of Doppler spectrum analysis early detection oi 
the grafts at risk for rejection seems very well possible as early as five days 
after transplantation. Biopsies may thus be performed at an earlier stage aftei 
transplantation in the grafts at risk allowing early treatment of rejections, 
without imposing biopsies upon all patients with posttransplantation Acute 
Renal Failure. 
-168-
References 
1. Delmonico FL, McKusick KA, Cosimi AB, Rüssel PS. Differentiation between renal allograft 
rejection and acute tubular necrosis by renal scan. Am J Radiol 1977; 128: 625-628 
2. Hall JT, Kim ЕЕ. Pjura GA, Maldad NF, Sandler CM, Veranl MD. Correlation of radionuclide 
and ultrasound studies with biopsy findings for diagnosis of renal transplant rejection. Urology 
1988; 32: 172-179 
3. Hricak H, Cruz C, Eyler WR, Madrazo BL, Romanski R, Sandler MA. Acute post-transplanta­
tion renal failure: differential diagnosis by ultrasound. Radiology 1981; 139: 441-449 
4. Leichtman AB, Sorell KS, Wombolt DG, Hurwitz RL, Glickman MH. Duplex imaging of the 
renal transplant Transplant Proc 1989; 21: 3607-3610 
5. Meyer M, Paushter D, Steinmuller DR. The use of duplex Doppler ultrasonography to evaluate 
renal allograft dysfunction. Transplantation 1990; 50: 974 -978 
6. Saarinen O, Ahonen J, Isoniemi H, Salmela K, Edgren J. Acute rejection in kidney grafts with 
delayed onset of graft function. A duplex Doppler study. Transplant Int 1992; 5: 159-161 
7. Allen KS, Jorkasky DK, Arger PH. Velchik MG, Grumbach K, Coleman BG, Mintz MC, 
Betsch SE, Perloff LI. Renal allografts: prospective analysis of Doppler sonography. Radiology 
1988; 169: 371-376 
8. Perella RR. Duerinckx AJ, Tessler FN, Donavitch GM, Wilkinson A, Gonzalez S, Cohen AH, 
Grant EG. Evaluation of renal transplant dysfunction by duplex Doppler sonography: a prospecti­
ve study and review of the literature. Am J Kidney Dis 1990; 15: 544-550 
9. Don S. Kopecky KK, Filo RS, Leapman SB. Thomalla V. Jones JA, Klatte EC. Duplex 
Doppler US of renal allografts: causes of elevated Resistive Index. Radiology 1989; 171: 709-712 
10. Leeuwen van MS, Hene FI, Muller AF, Beek FJA, Meyer R. Ganpat R. Clinical value of 
Doppler ultrasound in the first two months after kidney transplant. Eur J Radiol 1992; 14: 26-30 
11. Rifkin MD, Needleman L, Pasto ME, Kurtz AB, Foy PM, McGlynn E, Canino С, Baltaro-
wich OH, Penell RG, Goldberg BB. Evaluation of renal transplant rejection by duplex Doppler 
examination: Value of the Resistance Index. Am J Radiol 1987; 148: 759-762 
12. Rigsby CM, Burns PM, Weltin GG, Chen B, Bia M, Taylor KJW. Doppler signal quantitati­
on in renal allografts: Comparison in normal and rejecting transplants with pathologic correlation. 
Radiology 1987; 162: 39^2 
13. Arima M, Ishibashi M, Usami M, Sagawa S, Mizutanl S, Sonoda T, Ichikawa S, Diara H, 
Nagano S. Analysis of the arterial blood flow patterns of normal and allografted kidneys by the 
directional ultrasonic Doppler technique. J Urol 1979; 122: 587-591 
14. Merkus JWS, van Asten WNJC, Hoitsma AJ, Koene RAP, Skotnicki SH. Assessment of 
hemodynamic changes in human kidney grafts induced by cyclosporin infusion. Transplant Int 
1991; 4: 136-139 
15. Murphy AM, Robertson RJ, Dubbins PA. Duplex ultrasound in the assessment of renal 
transplant complications. Clin Radiol 1987; 38: 229-234 
16. Fronek A, Coel M, Bernstein EF. Quantitative Ultrasonographic studies of lower extremity 
flow velocities in health and disease. Circulation 1976; 53: 957-960 
-169-
17. Hoitsma AJ, Wetzeis JFM, Van Lier HJJ, Berden JHM, Koene RAP. Cyclosporin treatment 
with conversion after three months versus conventional immunosuppression in renal allograft 
recipients. Lancet 1987; i: 584-586 
18. Asten WNJC van, Beijneveld WJ, Pieters BR, van Lier HJJ, Wijn PFF, Skotnicki SH. 
Assessment of aortoiliac obstructive disease by Doppler spectrum analysis of blood flow 
velocities in the common femoral artery at rest and during reactive hyperemia. Surgery 1991; 
109: 633-639 
19. Planiol T, Pourcelot L. Doppler effect study of the carotid circulation in: White D, Mccready 
V, Vlieger M. (eds): Ultrasonics in medicine. Amsterdam: Excerpta Medica, 1974, ρ 104 
20. Gosling RG, Dunbar B, King DH. The quantitative analysis of occlusive peripheral arterial 
lisease by a nonintrusive ultrasonic technique. Angiology 1971; 22: 52-55 
21. Halloran P, Aprile M, Farewell V. Factors influencing early renal function in cadaver kidney 
ransplants. Transplantation 1988; 45: 122-127 
22. Merkus JWS, Hoitsma AJ, Koene RAP. Detrimental effect of ARF on the survival of renal 
illografts: influence of total ischemia time and anastomosis time. Nephrol Dial Transplant 1991; 
5: 881-886 
23. Sanfilippo F, Vaughn WK, Spees EK, Lucas BA. The detrimental effects of delayed grafi 
[unction in cadaver donor renal transplantation. Transplantation 1984; 38: 643-648 
24. Thorogood J, Houwelingen JC, Persijn GG, Zantvoort FA, Schreuder GMTh, van Rood JJ. 
Prognostic indices to predict survival of first and second renal allografts. Transplantation 1991; 
52: 831-836 
25. Merkus JWS, Zeebregts CJAM, Hoitsma AJ, Asten van WNJC, Koene RAP, Skotnicki SH. 
High incidence of arteriovenous fistula after biopsy of kidney allografts. Br J Surg 1993; 80: 
310-312 
26. Middleton WD, Keilman GM, Melson GL, Madrazo BL. Postbiopsy renal transplant 
uteriovenous fístulas: color Doppler US characteristics. Radiology 1989; 171: 253-257 
27. Taylor KJW, Morse SS, Rigsby CM, Bia M, Schiff M. Vascular complication in renal 
dlografts detection with duplex Doppler US. Radiology 1987; 162: 31-38 
28. Andersen CB, Etheredge ЕЕ. Human renal allograft blood flow and early renal function. Ann 
5urg 1977; 186: 564-567 
29. Norris CS, Barnes RW. Renal artery flow velocity analysis: a sensitive measure of experi-
Tiental and clinical renovascular resistance. J Surg Res 1984; 36: 230-236 
30. Pozniak MA, Kelcz F, D'Allessandro A, Oberley T, Stratta R. Sonography of renal trans­
plants in dogs: the effect of acute tubular necrosis, cyclosporine nephrotoxicity, and acute 
rejection on resistive index and renal length. Am J Radiol 1992; 158: 791-797 
31. Tranquart F, Lebranchyu, Haillot O, Pourcelot D, Grezard O, Pourcelot L. The use ol 
perioperative Doppler ultrasound as a screening test for acute tubular necrosis. Transplant Ini 
1993; 6: 14-17 
32. Merkus JWS, van Asten WNJC, Hilbrands LB, Hoitsma AJ, Koene RAP, Skotnicki SH. 
Computer simulations in comparison with in vivo measurements of nifedipine induced changes in 
renal allograft hemodynamics. J Ultrasound Med 1993; 12: 517-523 
-170-
CHAPTER 12 
DOPPLER SPECTRUM ANALYSIS IN THE DIFFERENTIAL 
DIAGNOSIS OF RENAL TRANSPLANT DYSFUNCTION: 
REJECTION OR CYCLOSPORIN TOXICITY ? 
Í.W.S. Merkus, W.N.J.C. van Asten, A.J. Hoitsma, M.A. van 't Hof, R.A.P 
Koene, S.H. Skotnicki. 
(submitted) 
Abstract 
CyA nephrotoxicity and rejection of a renal allograft each demand a specific therapy. This study 
was designed to establish the capability of Doppler spectrum analysis to diagnose either one ol 
these causes during renal dysfunction. Between October 1989 and October 1991 we performec 
;cho-Doppler examinations in 209 renal transplant recipients on a routine basis during the fi rei 
three months after transplantation. Echo-Doppler examinations during periods of renal dysfuncti-
эп, characterized by an increase in serum creatinine level, were analyzed. A total of 93 period: 
af renal dysfunction, retrospectively due to rejection (n=40) or CyA toxicity (n=53), occurred ir 
70 patients during the study period. A control group consisted of 82 patients with normally 
Functioning grafts. When compared to the control group, the Doppler parameten (in segmental 
literies) of the rejection group showed significantly lower frequency shifts (Fmax (Hz) 1637 ¿ 
423 vs 1436 ± 465; p<0.05; Fdia (Hz) 582 ± 180 vs 458 ± 225; p<0.05), a shorter deceleration 
time of the Doppler spectrum (Tdown (ms) 340 ± 100 vs 276 ± 102; p<0.05), and a highei 
Resistance Index (RI 0.64 ± 0.08 vs 0.68 ± 0.13; p<0.05). Doppler spectra during CyA toxicity 
showed only a significantly longer acceleration time (Tmax (ms) 123 ± 36 vs 139 ± 40;p<0.05). 
Rie capability of differentiation between the two causes was assessed with ROC analysis ol 
single Doppler parameters, stepwise regression and canonic discriminant analysis on a set ol 
Doppler parameters and with manual selection of several parameters with extreme values. ROC 
analysis yielded maximum sensitivity and specificity for the diagnosis of rejection using Tdown 
[sensitivity 65%; specificity 68%). Stepwise regression and canonic discriminant analysis of a sei 
af parameters rendered a sensitivity and specificity of 73% and 64% respectively. 
Explorative selection of extreme Doppler parameter values showed that 18 of the 40 grafts with 
rejection had values that were only seen in two cases with CyA toxicity (positive predictive valu« 
90%; sensitivity 45%; specificity 96%). In half of these cases Doppler parameters preceded the 
clinical diagnosis of rejection by a median of 4 days. 
In conclusion, Doppler spectra are influenced by rejection and CyA toxicity in specific ways. The 
Doppler parameters, however, do not enable definite differentiation between rejection and CyA-
toxicity in all cases. Some changes in Doppler spectra are only seen in cases of rejection and 
thus enable positive identification of grafts with rejection, often earlier than clinical signs indicate 
rejection. A normal Doppler spectrum does not exclude rejection as the cause of renal dysfuncti-
on. 
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Introduction 
Renal transplantation is the therapy of choice for patients with end-stage 
•enal disease. With improved immunosuppressive therapy using Cyclosporin 
\ (CyA), transplantation results have improved considerably in the last 1С 
pears. CyA, however, is a potentially nephrotoxic drug. Due to variations in 
individual susceptibility of renal transplants for CyA, the nephrotoxic effects 
ire poorly related to CyA blood levels1. In cases of decreasing renal function, 
which is usually detected by increasing serum creatinine levels, the differenti-
ition between CyA nephrotoxicity and oncoming rejection is often difficult. 
CyA-nephrotoxicity requires a decrease of CyA dosage, whereas rejection 
requires additional immunosuppressive treatment (steriods or anti T-cell 
intibodies). Both causes of renal dysfunction have been described to have an 
mpact on renal hemodynamics2,3. If the hemodynamic changes in each oí 
hese causes of dysfunction are specific, monitoring of renal hemodynamics 
with Doppler spectrum analysis could be used as a non-invasive method tc 
iifferentiate between the two. The present study was designed to evaluate the 
potential of Doppler spectrum analysis in differentiating between these two 
causes. Analysis of Doppler spectra, obtained at the moment of a clinically 
significant rise in serum creatinine level, was performed to determine its 
capability of early differentiation in a routine clinical setting of renal trans-
plantation. 
Patients and methods 
Ml patients who received a kidney allograft in our center between October 
1989 and October 1991 and who gave informed consent were included in the 
study. The transplantation procedure and post-transplantation care were done 
is described previously4. The transplantation protocol includes moderate 
lydration during and after operation and peroperative administration of 25C 
ni mannitol 20%. Immunosuppression was achieved by CyA and prednisone 
η decreasing doses during the first three months after transplantation. During 
he early period after transplantation serum creatinine levels were monitored 
daily and CyA blood levels twice weekly with a radio immuno assay (normal 
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values 400-800 μg/l). After hospital discharge of the transplant recipient these 
measurements were performed weekly in the outpatient clinic. Insufficient 
urinary output and/or increasing serum creatinine levels were the major 
reasons to perform diagnostic procedures to determine the nature of the renal 
dysfunction. When on clinical grounds there was doubt whether rejection or 
CyA nephrotoxicity was the cause of renal dysfunction, a renal biopsy was 
performed. 
Echo-Doppler examinations were performed on the first day after transplanta­
tion and on alternating days thereafter. After discharge of the patients from 
the hospital echo-Doppler examinations were performed during their weekly 
check-up visits to the outpatient clinic. We used a Toshiba SSA-270-A colour 
duplex scanner. The probe (emitting frequency 3.75 Mhz) was placed 
laterally from the operation wound to visualize the position and anatomy of 
the kidney allograft. The B-mode image with colour-coded Doppler represen­
tation was used to locate the intrarenal arteries. During each examination 
Doppler spectra of the large branches of the renal artery (segmental arteries) 
near the hilum of the allograft were obtained as well as spectra of the 
interlobar arteries at the cortico-medullar junction. The angle between the 
artery under investigation and the insonating ultrasound beam was kept 
smaller than 60 degrees at all times. Special attention was given to the 
location of the Doppler sample volume in relation to the anatomy of the 
allograft, so that in subsequent examinations in the same patient spectra 
would originate from arteries of comparable size and location. During each 
examination also a Doppler spectrum from the femoral artery at the side of 
the renal allograft was obtained, as a reference value of the hemodynamics in 
the artery supplying the allograft. Doppler spectra were digitally stored on a 
personal computer for off-line analysis. A user-written programme calculates 
a maximum frequency envelope from the spectrum for the positive and 
negative frequency shifts separately. The programme then derives from these 
curves several parameters that characterize the waveform5,6. A representative 
Doppler spectrum from a segmental artery and the derived parameters from 
the maximum frequency curve is shown in figure 1. The Resistance Index 
(RI) was calculated according to Planiol and Pourcelot7. The Pulsatility Index 
(PI) was calculated according to Gosling8. 
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3-г 
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Ттаж 
Figure 1. Doppler spectrum from a segmental artery with maximum frequency curve and 
descriptive parameters. Legend: Fmax = maximum systolic frequency shift; Fdia = diastolic 
frequency shift; Tmax = acceleration time of the systolic deflection; Mean = mean frequency 
shift during one heart cycle. RI = Fmax-Fdia/Fmax; PI = Fmax-Fdia/Mean 
Clinical data of the patients were registered without knowledge of the 
findings of echo-Doppler examination. Retrospectively, a clinical diagnosis 
was made of every dysfunction of the grafts. Renal dysfunction was defined 
as a rise in serum creatinine level of 20% or more when compared to the 
previous measurement or as the third consecutive rise in serum creatinine 
level. When CyA toxicity had been clinically suspected and renal function 
improved permanently after tapering of the CyA dosage the retrospective 
diagnosis of CyA nephrotoxicity was made. When there was difficulty in 
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discriminating rejection from CyA nephrotoxicity a biopsy was taken. 
Rejections were treated with rabbit anti-thymocyte globuline or steroids. 
When a period of renal dysfunction initially had been diagnosed as caused by 
CyA toxicity and a subsequent rejection occurred during or shortly after 
Capering of CyA dosage, the period was excluded from this analysis, because 
retrospectively no definite diagnosis of the primary cause of dysfunction 
:ould be made. Grafts encountering posttransplantation acute renal failure 
(ARF; urinary output <400 ml/24hr or the necessity for dialysis) were 
separately studied and excluded from this analysis. Renal dysfunctions that 
were diagnosed as being caused by urinary obstruction, urinary tract infection 
эг arterial stenosis were also excluded. The results of Doppler spectrum 
analysis obtained during dysfunctions caused by rejection or CyA toxicity, 
respectively, were compared with the results from Doppler spectrum analysis 
in a group of patients with normally functioning grafts four weeks after the 
transplantation. Subsequently, for the differentiation between rejection and 
CyA toxicity, ROC analysis of several individual Doppler parameters was 
performed. Also sensitivity and specificity were calculated for the most 
discriminative combination of Doppler parameters, as determined with 
stepwise regression and canonic discriminant analysis. 
Ml values are given as means ± SD. Statistical analysis was performed using 
Mann-Whitney U-test. Probability values below 0.05 were considered signifi­
cant. Stepwise regression and canonic discriminant analysis were performed 
ίο determine the differentiating capabilities of combinations of Doppler 
parameters. 
Results 
During the observation period 209 patients were included and a total of 2438 
îcho-Doppler examinations performed. Of the 189 cadaveric grafts 61 (32%) 
încountered posttransplant ARF and these patients were excluded from this 
study during ongoing ARF. In 115 patients one or more periods of renal 
dysfunction occurred during the first three months after transplantation with a 
total of 138 periods. 34 periods (25%) were excluded because CyA nephro-
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toxicity and rejection were diagnosed shortly after one another and a definiti-
ve diagnosis of the primary cause of dysfunction could not be made retro-
spectively. 11 periods of dysfunction (8%) were caused by urinary obstructi-
on or urinary tract infection. Eventually, 93 periods of renal dysfunction 
which occurred in 70 patients within three months after transplantation were 
included in the analysis. Retrospectively, rejection was diagnosed as the 
cause of dysfunction in 40 periods (43%) and CyA nephrotoxicity in 53 
periods (57%). Biopsies were taken in 51 cases, 40 times in the rejection 
group and 11 times in the CyA group. The normal group was composed of 
all normally functioning grafts at approximately four weeks (range 21-35 
days) after transplantation on CyA immunosuppression (n=82). In this group 
there were 39 patients who had not had any period of dysfunction at that 
time and 43 patients with normalized graft function after a dysfunction 
period. There were no differences in Doppler spectra between the latter two 
groups at four weeks after transplantation. 
Table 1. Clinical characteristics of groups of normal functioning grafts and of dysfunctio-
ning grafts. 
Day after transplantation 
(median (range)) 
Serum creatinine level (umol/1) 
Systolic blood pressure (mm-
Hg) 
Diastolic blood pressure (mm-
Hg) 
Number of antihypertensive 
drugs 
CyA blood level ^g/l) 
CyA dosage (mg/day) 
NOR 
(n=82) 
28 (21-35) 
161 ± 59 
156 ± 19 
90± 9 
0.86 ± 0.72 
537 ± 244 
657 ± 139 
REJ 
(n=40) 
27 (6-78) 
367 ± 249" 
156 ± 20 
93 ± 8 
0.52 ± 0.72" 
458 ± 442" 
590 ± 199 
CyA 
(n=53) 
29 (5-89) 
219 ± 98" 
161 ± 27 
92 ± 10 
0.64 ± 0.68 
679 ± 322" 
618 ± 180 
Data were registered at 4 weeks after transplantation (NOR-group) and at the time of a 
renal dysfunction (Rej and CyA groups). NOR = Normally functioning grafts. REJ = 
grafts with rejection. CyA = grafts during cyclosporin nephrotoxicity. * = P<0.05 when 
compared to the NOR group (Mann-Whitney U-test). 
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The clinical characteristics of patients with normally functioning grafts 
(NOR; n=82), grafts encountering rejection (REJ; n=40), and the grafts 
suffering from CyA nephrotoxicity (CyA; n=53) are shown in Table 1. The 
median day after transplantation is comparable in the three groups, the range 
being wider in the two groups with renal dysfunction. There were significant 
differences between the NOR group and the two other groups. In the rejecti­
on group serum creatinine levels were obviously higher, while CyA blood 
levels, and the number of anti-hypertensive drugs were lower. In 25 of the 40 
cases (63%) CyA blood level was below 400 μg/l, and in five cases it was 
above 800 μg/l. In the CyA group serum creatinine level and CyA blood 
level were significantly higher. In 17 of the 53 cases (32%) CyA blood level 
was above 800 μgΛ, whereas in 13 (25%) a CyA blood level <400 μgΛ was 
found. In the normal group in 12 cases (13%) a CyA blood level above 800 
μg/l and in 25 cases (27%) a CyA blood level <400 μg/l was found. 
The Doppler parameters of the two groups with renal dysfunction were 
compared to the NOR group (Table 2). Between the NOR group and the 
Rejection group significant differences were seen in Fmax, Fdia, Tdown and 
RI in segmental and interlobar arteries. The CyA group only showed a 
significantly longer Tmax in the segmental arteries when compared to the 
NOR group. None of the other Doppler parameters showed significant 
differences between groups. 
To determine the possibilities of differentiation between the two major causes 
of dysfunction (rejection or CyA nephrotoxicity) several strategies were used. 
Firstly, ROC analysis for single Doppler parameters was performed. Fig. 2 
shows the ROC curves for Fmax, Fdia, Tmax, Tdown and RI from segmental 
arteries. Best differentiation is obtained with Tdown at a cut-off value of 
<275ms (sensitivity 65%, specificity 68%). 
Secondly, an explorative selection of Doppler parameters with extreme values 
in one of the two groups was performed. In the rejection group there were 
several Doppler parameters with values not seen in any other group. A 
Resistance Index (RI), for example, of > 0.80 was only found in five grafts 
with rejection and none of the others. The deceleration time of the Doppler 
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spectra of interlobar arteries (Tdown) < 150 ms was found in eight cases ol 
rejection and in only one case of CyA toxicity. When a combination ol 
parameters, with extreme values in the rejection group, at specific cut-ofl 
values was made (RI >0.80 or Tdown <150 ms or Fdia <250 Hz or Fma* 
<900 Hz), 18 of the 40 rejections could be positively identified, while only 
ГаЫе 2. Results of analysis of Doppler spectra obtained from normal functioning graffe 
[NOR), and grafts during rejection episodes (REJ) and cyclosporin nephrotoxicity (CyA] 
respectively. 
Segmental a. 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
Tdown (ms) 
RI 
Interlobar a. 
Fmax (Hz) 
Fdia (Hz) 
Tmax (ms) 
Tdown (ms) 
RI 
Femoral a. 
Fmax (Hz) 
Fmin (Hz) 
Tmax (ms) 
Tdown (ms) 
PI 
NOR 
(n=82) 
1637 ± 423 
582 ± 180 
123 ± 36 
340 ± 100 
0.64 ± 0.08 
1024 ± 296 
399 ± 112 
129 ± 36 
319 ± 83 
0.61 ± 0.06 
2444 ± 714 
-755 ± 348 
93 ± 18 
160 ± 32 
5.34 ± 1.34 
REJ 
(n=40) 
1436 ± 465 
458 ± 225 
122 ± 42 
276 ± 102 
0.68 ±0.13 
899 ± 258 
314 ± 121 
127 ± 39 
252 ± 96 
0.66 ±0.13 
2341 ± 573 
-730 ± 314 
90 ± 19 
149 ± 29 
4.95 ± 1.54 
pi 
0.014 
0.001 
NS 
0.002 
0.032 
0.021 
0.000 
NS 
0.000 
0.007 
NS 
NS 
NS 
NS 
NS 
CyA 
(n=53) 
1570 ± 474 
539 ± 202 
139 ± 40 
322 ± 87 
0.65 ± 0.07 
970 ± 223 
370 ± 97 
137 ± 43 
318 ± 88 
0.62 ± 0.08 
2348 ± 830 
-740 ± 255 
96 ± 18 
170 ± 38 
5.02 ± 1.16 
p2 
NS 
NS 
0.017 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
p3 
NS 
0.04 
0.04 
0.02 
NS 
NS 
0.04 
NS 
0.001 
NS 
NS 
NS 
NS 
NS 
NS 
For explanation of parameters see fig. 1. a. = artery; pi = ρ value of Mann-Whitney U-tesl 
between NOR and REJ groups; p2 = ρ value of Mann-Whitney U-test between NOR and 
CyA groups; p3 = ρ value of Mann-Whitney U-test between CyA and REJ groups. 
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Figure 2. ROC curves for single Doppler parameters from segmental arteries. For explanation ol 
parameters see figure 1. • = Fmax; + = Fdia; » = Tmax; & = Tdown; « = RI. 
two cases of CyA toxicity fulfilled one of these criteria. Calculation of 
sensitivity and specificity with this selection method, renders values of 45% 
and 96%, respectively. In these 18 cases, six biopsies showed signs of 
vascular rejection and 12 showed interstitial signs of rejection. In the five 
:ases with high RI two biopsies showed vascular rejection. The time of 
abnormal Doppler findings preceded the clinical diagnosis by more than 2 
days (median 4, range 2-11 days) in 9 of these 18 cases. The probable cause 
of delay in clinical diagnosis was a slowly decreasing serum creatinine level 
in the presence of sufficient urinary output shortly after transplantation ir 
Four cases, concomitant suspicion of urinary tract obstruction in three cases 
and ongoing rejection after completion of a rejection course in two cases. 
Four of these nine grafts were lost due to the rejection. None of the 11 cases 
with a retrospective diagnosis of urinary tract obstruction or infection alone 
showed a Doppler spectrum fulfilling the earlier mentioned criteria. 
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Піе third approach of data analysis used, was stepwise regression analysis 
ind canonic discriminant analysis. All available Doppler parameters were 
included in this analysis to obtain the most discriminative set of parameters 
For differentiation between the two causes. The Doppler parameters selected 
with stepwise regression analysis included Tdown, Fmax, the mean frequencj 
shift and Tmax. The canonic discriminant analysis rendered a maximum 
sensitivity and specificity of 73% and 64% respectively. 
Discussion 
Using electromagnetic flow meters, the rejection process after renal transplan-
ation has been shown to influence renal hemodynamics2. Many attempts 
tiave been made to monitor renal transplant hemodynamics to early identify 
rejection. With the development of Doppler devices a non-invasive method 
for monitoring has become available9,10. In clinical transplantation the use oi 
ïcho-Doppler has been frequently reported. Rejections are diagnosed bj 
monitoring Doppler parameters that indicate increases in renal vasculai 
resistance11,12. CyA has also been shown to have an impact on renal transplant 
hemodynamics3, its effect being at least partly mediated by a vasoconstrictive 
action on intrarenal arteries13,14. Doppler studies to detect CyA mediated 
ïffects have been less successful11,15. However, in controlled circumstances 
rjthers have been able to show changes in renal hemodynamics due to CyA-
mediated effects with Doppler measurements14,16. 
[n this study we tried to determine whether the hemodynamic changes due tc 
rejection and CyA toxicity, respectively, were specific enough to be used ir 
he differentiation between these two major causes of renal transplant dys-
Function. At the moment of dysfunction the Rejection group had higher serum 
creatinine levels. CyA blood levels are obviously higher in the patients with 
CyA toxicity. However, high values were also present in the other groups 
without any evidence of CyA nephrotoxicity. This illustrates that CyA 
nephrotoxicity can also occur with normal and low CyA blood levels, which 
is probably due to the individual graft susceptibility for CyA1. Mean CyA 
level and the number of antihypertensive drugs were lower in the rejection 
group. Twenty five of these 40 patients had a CyA blood level <400pg/l. 
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These inadvertently low CyA levels may have led in some patients to 
inadequate immunosuppression, allowing rejection to arise. As CyA is known 
to increase blood pressure17, this may also explain the lower number of 
antihypertensive drugs found in this group. 
Several Doppler parameters of the patients encountering rejection were 
significantly different from the control group. The parameters Fmax, Fdia, RI, 
and Tdown in the rejection group are, when compared to the normal group, 
indicative for an increased renal vascular resistance. In 18 patients Doppler 
parameters showed values not found in the CyA and NOR group, indicating a 
relatively large influence on hemodynamics. In these cases, vascular rejection 
was found in the biopsy in only 6 of the 18 cases. These findings are in 
contrast to those of Buckley et al.12 and Perella et al18 who described an 
increase in RI mainly in cases of vascular rejection. The increase of renal 
vascular resistance during vascular rejection may well be explained by 
intimai thickening. In cellular rejections the cause of the increased vascular 
resistance is less obvious. Vasospasm and interstitial edema may both 
contribute to the increased renal vascular resistance19,20, causing changes in 
renal vascular resistance. 
Table 2 shows that the Doppler parameters that show differences between the 
NOR group and the Rejection group, do not differ significantly when the 
CyA group is compared to the NOR group. Only Tmax of the segmental 
arteries is longer in the CyA-toxicity group. In earlier experiments we have 
found that Tmax changes most under influence of CyA mediated hemodyna-
mic changes16. This change in Tmax must probably be interpreted as a result 
of changes in impedance of the insonated artery21. The differences in Doppler 
parameters between rejection and CyA toxicity groups suggest that specific 
hemodynamic changes occur dependent on the respective cause of renal 
dysfunction. However, the analysis to determine the differentiating capabili-
ties of Doppler spectrum analysis yielded rather disappointing results: None 
of the single parameters, nor a combination of parameters (stepwise regressi-
on and canonic discriminant analysis) is characteristic enough to achieve 
sensitivities or specificities higher than 73% and 64%, respectively. There are 
several possible explanations for this limited capability to differentiate. The 
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hemodynamics of renal allografts may show such individual variability in 
their reaction to immunologic or CyA mediated damage, independent of 
functional impairment, that Doppler spectrum analysis is not capable of 
accurate identification in all cases. This was also the experience of Meyer et 
al.22, who stated that each kidney allograft, with its own pre- and posttrans-
plantation history, has a unique baseline microvascular bed, interstitium and 
resistance to renal blood flow. Therefore, in an attempt to improve the 
diagnostic capabilities, we performed an analysis of subsequent Doppler 
measurements in the same graft. This analysis, of which the data are not 
explicitly shown in this report, did not yield better results than with the 
present analysis. 
Another explanation for the limited capabilities of Doppler spectrum analysis 
to differentiate accurately between the causes of dysfunction in the present 
study, may be that in some patients on the basis of rising serum creatinine 
levels, the clinical diagnosis has already been made and subsequent treatment 
started, before renal hemodynamics have sufficiently altered to influence 
Doppler parameters. This is also supported by the observation that in those of 
the 18 cases where abnormal Doppler parameters preceded the clinical 
diagnosis of rejection, there was a delay in this diagnosis, probably caused by 
intercurrent phenomena that hampered the timely diagnosis of rejection. 
Positive identification of grafts encountering rejection appeared possible when 
several parameters were selected with an appropriate cut-off value. With this 
strategy 18 of the 40 cases of rejection could be identified, while only 2 
cases of CyA toxicity fulfilled the selected criteria. These criteria resulted in 
positive predictive value of 90%, a sensitivity of 45% and a specificity of 
96% for the diagnosis of rejection. These values are in agreement with the 
values in reports by Rigsby et al.23, Perella et al.18, Johnson et al.24, and 
Saarinen et al.25. In other reports the reported sensitivity varies from 9% to 
100% and the reported specificity from 38% to 100%. Table 3 gives an 
overview of the recent literature on Doppler studies in renal transplantation. 
Some authors report sensitivities and specificities for the identification of 
rejection of more than 90%26,29,30,34·39. Others report high sensitivity with low 
specificity12,31·35, whereas low sensitivity 
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with high specificity з3·24·25·27·32·42 are also reported. Part of the variation in 
these values may be explained by differences in local monitoring and 
treatment protocols, with lower sensitivities and specificities for Doppler 
examinations in protocols that initiate rejection treatment before renal 
hemodynamics are affected by the rejection process. Beside these differences 
in monitoring protocols, there are differences in patient selection, the method 
of examination and quantitation of the Doppler spectrum, and the time 
interval after renal transplantation and after the start of renal dysfunction at 
which the examinations were performed. The reports use different methods of 
Doppler spectrum classification and different Doppler parameters. The 
suggested cut-off values vary widely. In our present study patients were 
routinely examined during the first three months after renal transplantation. 
Periods of dysfunction were retrospectively identified without knowledge of 
Doppler findings. Doppler spectra were quantitatively analysed in a standardi­
zed way, with calculation of all parameters descriptive of the Doppler 
spectrum5. 
It appears that in our clinical setting, with frequent monitoring of serum 
creatinine levels, either cause of renal dysfunction is often early suspected on 
clinical grounds (and treated). In some instances this is before hemodynamic 
changes occur that would enable accurate Doppler identification of these 
causes. In other instances, however, this is obviously not the case. In some 
patients apparent hemodynamic changes had already occurred at the time of 
clinical suspicion. A high RI (>0.80) was caused by rejection in all 5 cases in 
this study and large changes in several other Doppler parameters, concordant 
with increased vascular resistance, were seen in 18 cases of rejection and in 
only two cases of CyA toxicity (positive predictive value 90%). In half of 
these 18 cases the Doppler parameters preceded the clinical diagnosis of 
rejection by more than two days. In the complex clinical decision making 
after renal transplantation, where the attending physician often uses a combi­
nation of diagnostic procedures to finally reach a definite diagnosis, Doppler 
spectrum analysis provides a valuable addition. Rejection can be indicated by 
specific Doppler findings. It can, however, not be excluded when Doppler 
results are within the normal range. 
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In conclusion, Doppler spectra are influenced by rejection and CyA toxicity 
in specific ways. The Doppler parameters, however, do not enable definite 
differentiation between rejection and CyA-toxicity. Some changes in Doppler 
spectra are only seen in cases of rejection and thus enable positive identifica­
tion of grafts encountering rejection earlier than on clinical signs alone. A 
normal Doppler spectrum does not exclude rejection as the cause of renal 
dysfunction. 
Acknowledgement. The authors wish to thank A. Theloosen-Kersten, VT, J. 
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General discussion 
Ultrasound studies, like echoDoppler examination, have an obvious advanta-
ge in comparison to other diagnostic techniques. Because of their non-
invasive character they can be repeated whenever necessary. This enables 
repeated appraisal of renal allograft vascular supply and intrarenal hemodyna-
mics. To interpret changes in hemodynamics one has to be aware of the 
possible causes of changed renal hemodynamics. Under normal conditions the 
native kidney as well as the renal allograft have a low resistance peripheral 
vascular bed. When an extremely high renal vascular resistance is found renal 
vein thrombosis must be suspected. High resistance can, however, occasional-
ly be due to acute rejection. Additional radionuclide imaging should be 
performed before transplantectomy is planned. A bruit over the renal allograft 
can be caused by transplant renal artery stenosis but also by a post-biopsy 
arteriovenous fístula. A Doppler spectrum indicating low vascular resistance 
in a part of the allograft indicates the presence of an AV-fistula. In this way 
echo-Doppler examination can elucidate this cause of a bruit, obviating the 
need for angiography. Measurements of renal artery blood velocity and 
hemodynamic appraisal of intrarenal Doppler spectra allow identification of 
renal allograft artery stenosis and assessment of the severity of the stenosis. 
Decreased waveform pulsatility and increased systolic acceleration time are 
found downstream of a severe stenosis. Potentially this is an aid in deciding 
whether correction of a stenosis should be attempted. 
Hemodynamic changes caused by the administration of cyclosporin are much 
more subtle than in cases of vascular pathology. To appraise these hemodyna-
mic changes we performed three studies: around the start of cyclosporin, 
during administration of nifedipine in cyclosporin treated patients, and around 
the discontinuation of cyclosporin three months after transplantation. Doppler 
spectrum changes indicated changes in hemodynamics. In some cases the RI 
of the Doppler waveform (peripheral resistance) changed as a result of drug 
intervention, but in almost all cases changes in the acceleration time of the 
Doppler waveform were found. Hemodynamic interpretation of this change in 
waveform proved to be difficult. Therefore a computer simulation model of 
renal hemodynamics was developed. With these computer simulations it 
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appeared that changes in the impedance of the artery under investigation were 
a likely cause of the decrease in acceleration time. The effects of cyclosporin 
on the Doppler spectrum waveform could now be interpreted as the result of 
vasoconstriction in the peripheral vascular bed and changes in the impedance 
of the more proximal artery. 
When spectra from transplanted kidneys in different conditions immediately 
after transplantation were compared, Doppler spectrum analysis showed 
significant differences. Grafts from living related donors had the lowest 
peripheral resistance, whereas patients with post-transplantation acute renal 
failure showed the highest peripheral resistance. The ischemic and immunolo-
gic damage of the transplantation procedure had repercussions on allograft 
hemodynamics. In this study, again, the acceleration time of the Doppler 
spectrum waveform was significantly influenced. Patients with a prolonged 
period of posttransplant acute renal failure had lower values of Tmax, when 
compared to those with a relatively short period. Failure to increase the value 
of Tmax on day S after renal transplantation, indicated the grafts at risk of 
rejection. The Resistance Index (RI) was not as sensitive as Tmax for this 
purpose. In light of the above hemodynamic interpretion of changes in 
Doppler spectrum, it seems that the peripheral resistance (and/or the measure-
ment of RI) is a less sensitive parameter than the hemodynamic aspects of 
the more proximal artery (and/or the determination of Tmax). In this study 
biopsies were only taken when there was a clinical suspicion of rejection. 
Future prospective studies with biopsy control of the Doppler findings should 
be performed to validate these findings. It may be speculated that with the 
use of Doppler findings to guide the timing of biopsy during ARF, the 
diagnosis of rejection may be accelerated, without increasing the total number 
of kidney allograft biopsies. 
In the first three months after renal transplantation the kidney allograft has 
the highest risk of being rejected. Adequate immunosupression and frequent 
monitoring of the recipient to install additional immunosuppressive therapy 
when needed are essential for achieving a good renal transplant survival. 
When the serum creatinine level rises, the differentiation between rejection 
and CyA-toxicity is a major problem. CyA blood levels are poorly correlated 
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to the nephrotoxic effects. Monitoring the effect of CyA dose tapering anc 
renal allograft biopsy are the available diagnostics. In our studies, Dopplei 
spectrum analysis did not show large capabilities to differentiate betweei 
these two causes. Although the CyA- and nifedipine-intervention studies hac 
suggested that Tmax was a parameter largely influenced by the effects о 
CyA, in the clinical situation there was a rather wide range of Tmax values 
There were indeed differences in mean values between the patients wit! 
CyA-toxicity and those with rejection, but high and low values of Tmax wen 
found in both groups. The hemodynamics of the transplant are probably 
influenced in specific ways, but the changes are not specific and/or largì 
enough to allow differentiation between the two causes on the basis о 
Doppler spectrum analysis. In some cases Doppler parameters showec 
extreme values. Those were mostly seen in patients with rejection episodes 
In about half of the patients with a rejection one or more of these extremí 
values were found, indicating a relatively large difference with normal rena 
hemodynamics. This change in Doppler parameters towards values indicatinj 
higher peripheral resistance, allowed positive identification of these patients 
In half of these patients the Doppler parameters preceded the clinical diagno 
sis by more than two days. When during renal dysfunction a normal Dopplei 
spectrum is found, however, this does not exclude rejection. Althougl 
definite differentation between CyA-toxicity and rejection may not tx 
possible, Doppler spectrum analysis may still play a role: During rena 
transplant dysfunction a multivariate set of clinical and laboratory parameten 
usually guides the physician's clinical management of each patient. Extreme 
Doppler parameters as seen in some patients with rejection may very well Ы 
a part of the decisive set, that directs towards renal biopsy or the monitorinj 
of CyA-dose tapering. Biopsy will remain the ultimate diagnostic tool ii 
clinical decision-making but the timing of biopsy and the selection of patient; 
for biopsy may benefit from the use of Doppler spectrum analysis. 
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Conclusions 
After renal transplantation the recipient of a renal allograft may suffer from a 
number of periods of renal dysfunction. Some of these are caused by mecha-
nisms that are a serious threat to the survival of the renal allograft. Therefore, 
a fast and accurate diagnosis is important in all cases of renal transplant 
dysfunction. However, most available diagnostics are of an invasive nature. A 
non-invasive monitoring technique that could guide clinical decision making 
in various causes of renal transplant dysfunction is available with Doppler 
spectrum analysis. The studies of this thesis have shown that several causes 
of renal dysfunction can accurately be diagnosed with Doppler spectrum 
analysis, and that in other cases Doppler spectrum analysis may select 
patients at risk for serious complications after transplantation and guide the 
use of other diagnostic techniques. Figure 1 shows an algoritm for clinical 
decision-making during renal dysfunction after renal transplantation with the 
use of Doppler spectrum analysis on the basis of the studies performed in this 
thesis. 
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Figure 1. Algoritm for clinical decision-making during renal dysfunction after 
renal transplantation. ARF = Acute Renal Failure; ATN = Acute Tubular 
Necrosis; CyA = Cyclosporin; PI = Pulsatility Index; Tmax = acceleration 
time of the systolic deflection; RI = Resistance Index; Tdown = deceleration 
time of the systolic deflection; Fmax = maximum systolic frequency shift; 
Fdia = maximum diastolic frequency shift; AV = arteriovenous; RN = 
Radionuclide; 
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Samenvatting 
De hemodynamiek van de getransplanteerde nier. Vanaf de eerste niertrans­
plantaties worden hemodynamische studies van getransplanteerde nieren 
/erricht. Veranderingen in de hemodynamiek van de getransplanteerde niei 
jleken samen te hangen met veranderingen in de nierfunctie. Vele pogingen 
sijn daarom ondernomen om de conditie van een getransplanteerde nier te 
neten aan veranderingen in de renale hemodynamiek. Voor experimentele 
itudies werden electromagnetische flow-meters toegepast om veranderingen 
η bloedflow door de nier en veranderingen in het pulsatiele karakter van de 
Flow te meten. In klinische studies is deze benadering, gezien het invasieve 
carakter, ongeschikt. Een niet invasieve methode om de hemodynamiek te 
jestuderen kwam beschikbaar met de zogenaamde Doppler flow meter. Deze 
vroege ultrageluid instrumenten, die gebaseerd waren op de door Christian 
Doppler ontwikkelde theorie, hadden echter nog enkele tekortkomingen. 
Dnderscheid tussen beweging naar de probe toe en ervan af was niet moge­
lijk en de plaats waar het opgevangen signaal vandaan kwam bleef onbekend. 
Sia het verschijnen van bi-directionele Doppler probes kon wel onderscheid 
gemaakt worden tussen beweging naar de probe toe en beweging ervan af. 
De introductie van gepulseerde Doppler instrumenten maakte diepte-localisa-
ie van het weerkaatsende medium mogelijk, waarna combinatie met echogra-
Fie uiteindelijk visualisatie van de localisatie mogelijk maakte. Dopplei 
Dnderzoeken hadden zich intussen een plaats verworven in de medische 
iiagnostiek, met name in het onderzoek van vaatziekten. 
Differentiaal diagnostiek na niertransplantatie. Niertransplantatie is de 
voorkeursbehandeling van nierinsufficiëntie geworden. Na een niertrans-
jlantatie kan een aantal ernstige complicaties optreden. Het optreden van 
lierdysfunctie na een transplantatie vereist snelle en accurate diagnostiek om 
ie juiste therapie voor iedere oorzaak te kunnen starten. Vasculaire complica-
íes omvatten thrombose van de renale vaten, arteriele sténose in de arteria 
•enalis of arteria iliaca, en arterioveneuze fistels. Radionucleair onderzoek en 
ingiografie waren de gebruikelijke onderzoeken om deze diagnosen te stellen, 
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Een aanvankelijk niet functionerend niertransplantaat stelt de behandelend 
arts voor een differentiaal diagnostisch dilemma. Voortgaande nierinsufficiën-
tie als gevolg van acute tubulusnecrose moet onderscheiden worden van 
afstoting van het niertransplantaat. Een nierbiopsie is in de meeste klinieken 
het onderzoek dat verricht wordt om dit onderscheid te maken. Ondanks het 
feit dat veel onderzoek verricht is naar mogelijkheden om acute nierinsuffi-
ciëntie na de transplantatie te voorkomen, blijft het een belangrijk diagnos-
tisch probleem. Een ander diagnostisch probleem werd geïntroduceerd door 
het gebruik van cyclosporine als immunosuppressivum. Cyclosporine nefro-
toxiciteit moest worden toegevoegd aan de differentiaal diagnose van nierdys-
functie na niertransplantatie. Wanneer de nierfunctie afneemt moet nu het 
begin van een afstotingsreactie onderscheiden worden van cyclosporine 
nefrotoxiciteit om de juiste therapie te kunnen starten. 
Ontwerp van dit onderzoek. Het onderzoek beschreven in deze dissertatie 
werd verricht met een moderne echo-Doppler machine bij patiënten die een 
niertransplantatie hadden ondergaan. De bruikbaarheid van echo-Doppler 
onderzoeken in de diagnostiek van vasculaire complicaties werd geëvalueerd. 
Allereerst om in gevallen van anurie vast te stellen óf er perfusie van het 
transplantaat was. Ook de diagnostische mogelijkheden voor de detectie van 
arterioveneuze fistels na nierbiopsie, van nierarteriestenosen en stenoserend 
vaatlijden van de arteria iliaca werden geëvalueerd. Voorts werden onderzoe-
ken naar de waarde van Doppler spectrum analyse in de differentiaal diagno-
se van nierdysfunctie na een niertransplantatie ondernomen. Deze laatstge-
noemde onderzoeken richtten zich op de twee belangrijkste dilemma's na 
niertransplantatie. Allereerst werd onderzocht of, tijdens acute nierinsuf-
ficiënte na de transplantatie, onderscheid te maken was tussen een afstotings-
reactie en acute tubulusnecrose op basis van Doppler onderzoeken. Ten 
tweede werden de hemodynamische veranderingen als gevolg van cyclospori-
ne immunosuppressie onderzocht en vervolgens de mogelijkheden tot diffe-
rentiatie tussen cyclosporine nefrotoxiciteit en afstoting met behulp van 
Doppler spectrum analyse. 
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niertransplantaat perfusie. Tijdens anurie na een niertransplantatie, hetzij 
jnmiddellijk na transplantatie danwei tijdens een afstotingsreactie, rijst vaak 
ie vraag of het niertransplantaat nog geperfundeerd is. Deze vraag werd 
meestal beantwoord door radionucleair perfusie onderzoek. Omdat niet-
mvasieve echo-Doppler onderzoeken een aantrekkelijker alternatief zouder 
rijn, werden deze onderzoeken vergeleken met radionucleair onderzoek. 
Wanneer er geen intrarenale bloedsnelheden werden waargenomen, terwijl 
deze wel waarneembaar waren in de arteria iliaca, bleek er ook met radionu-
ileair onderzoek geen perfusie van het transplantaat te bestaan. In een aantal 
gevallen echter bleek er wel intrarenale bloedsnelheden waarneembaar, terwijl 
;r bij radionucleair onderzoek geen perfusie gezien werd. De Doppler spectra 
in deze gevallen pasten bij een zeer hoge renale vaatweerstand. In de meeste 
van deze gevallen van hoge renale vaatweerstand werd thrombose van hel 
niertransplantaat gevonden, maar in een aantal bleek er sprake van eer 
afstotingsreactie. Door voor een quantitatieve parameter van het Dopplei 
spectrum een optimale cut-off waarde te kiezen (PI <3.0) kunnen alle nier-
transplantaten met perfusie gediagnostiseerd worden. Alleen bij niertrans-
plantaten met een zodanig hoge renale vaatweerstand dat de PI groter dan 3.C 
wordt gemeten, is het nodig om radionucleair onderzoek te verrichten. De 
diagnose van niertransplantaat thrombose kan dan bevestigd worden alvorens 
overgegaan wordt tot transplantectomie. De diagnose van niertransplantaal 
perfusie kan betrouwbaar gesteld worden met echo-Doppler onderzoek. Eer 
groot aantal radionucleaire onderzoeken van niertransplantaten kan daardooi 
achterwege blijven. 
Arterioveneuze fistels in niertransplantaten. Arterioveneuze fistels na eer 
biopsie uit een getransplanteerde nier werden zelden gerapporteerd. Eer 
dergelijk fistel kan de bron vormen van een souffle in het gebied van eer 
getransplanteerde nier en kan het vermoeden op een nierarteriestenose doer 
rijzen. Echo-Doppler onderzoek kan arterioveneuze fistels aantonen als 
oorzaak van de souffle. In een serie van routinematig verrichte echo-Dopplei 
onderzoeken na niertransplantaat- biopsieën werd een hogere incidentje var 
arterioveneuze fistels gevonden dan op basis van eerdere rapportages were 
vermoed. De incidentje lag in de orde van grootte zoals die in het verieder 
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bij biopsieën uit natieve nieren was gerapporteerd. Het Doppler spectrum 
verkregen uit de arterie die de fistel voedt, reflecteert de lage perifere weer-
stand van de fistel. Wanneer er twijfel bestaat over de aanwezigheid van een 
fistel, kan door de vergelijking van de hemodynamiek van de arterie die de 
fistel voedt met die van een arterie die een ander deel van de nier voedt, het 
bestaan van de fistel worden aangetoond. 
Niertransplantaat-arteriestenose. Niertransplantaat-arteriestenose is een in 
principe behandelbare oorzaak van hypertensie. Niet iedere angiografisch 
aangetoonde niertransplantaat-arteriestenose is echter de oorzaak van hyper-
tensie, zodat correctie van een sténose in sommige gevallen de hypertensie 
niet vermindert. Bovendien is correctie van een sténose niet zonder risico 
voor de getransplanteerde nier. Tevens wordt hypertensie na een niertrans-
plantatie relatief zelden veroorzaakt door een niertarteriestenose, zodat het 
niet gerechtvaardigd is om bij alle patiënten met hypertensie angiografie te 
verrichten. Niet-invasieve diagnostiek van niertransplantaat-arteriestenose met 
echo-Doppler onderzoek blijkt zeer wel mogelijk. Het intrarenaal verkregen 
Doppler spectrum blijkt alleen te worden beïnvloed door relatief ernstige 
stenosen (>75%), zodat op deze wijze ook identificatie van de meest hemody-
namisch significante stenosen mogelijk is. Selectie van de patiënten die het 
meeste baat hebben van een correctie van de sténose kan daardoor mogelijk 
worden. Op vergelijkbare wijze kan echo-Doppler onderzoek een Stenose in 
de arteria iliaca die het transplantaat voedt, aantonen. 
Cyclosporine en de hemodynamiek van het niertransplantaat. Om de mogelij-
ke effecten van cyclosporine op de hemodynamiek van het niertransplantaat 
te bestuderen werden een aantal interventie onderzoeken verricht. Een 
meetbaar effect op het Doppler spectrum werd gevonden wanneer Doppler 
spectra voor en na de toediening van cyclosporine werden vergeleken. Omdat 
deze experimenten werden uitgevoerd direct na transplantatie konden invloe-
den van de transplantatie-procedure zelf niet worden uitgesloten. Aanvullend 
onderzoek werd daarom verricht naar de effecten van het vasodilaterende 
middel nifedipine in een groep patiënten met cyclosporine immunosuppressie. 
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Эе resultaten van Doppler spectrum analyse konden worden vergeleken mei 
metingen van de renale hemodynamiek met para-aminohippuurzuur (PAH), 
^a de toediening van nifedipine toonden de op PAH
:
klaring gebaseerde 
netingen een daling van de renale vaatweerstand. Doppler spectra vertoonden 
ïen verlaging van de resistance index (RI) en een verkorting van de accelera-
ietijd van het Doppler spectrum (Tmax). Vergelijkbare waarneminger 
werden gedaan in een onderzoek waarbij Doppler spectra werden verkregen 
η patiëntengroepen die drie maanden na de transplantatie werden gerandomi-
seerd naar continuering van cyclosporine immunosuppressie danwei conversie 
ïaar azathioprine immunosuppressie. Tmax werd significant korter in de 
Azathioprine groep. Hoewel nu was aangetoond dat het Doppler spectrum 
seïnvloed wordt door cyclosporine immunosuppressie, was de hemodynami-
sche, fysiologische interpretatie van de waargenomen veranderingen moeilijk 
gebleken. 
De hemodynamische interpretatie van veranderingen in Doppler spectra. Tei 
verklaring van de gevonden veranderingen in Doppler spectra werd eer 
inaloog electrisch simulatiemodel van de renale hemodynamiek, vergelijkbaai 
met in de literatuur beschreven hemodynamische modellen, ontworpen er 
geïmplementeerd op een personal computer. De verschillende elementen var 
liet model representeren eigenschappen van de onderzochte arterie en van hel 
perifere vaatbed. Door veranderingen in deze eigenschappen aan te brengen, 
konden veranderingen in de geproduceerde arteriole golfvorm worden be-
werkstelligd vergelijkbaar met de veranderingen die in de geneesmiddel-
interventie onderzoeken waren gevonden. Een verlaging van de perifere 
vaatweerstand veroorzaakte een verlaging van de resistance index (RI) van de 
geproduceerde golfvorm. De acceleratietijd van de golfvorm, echter, bleek hel 
meest te worden beïnvloed door veranderingen in de impedantie van de 
Dnderzochte arterie zelf. De beperkingen van dergelijke modellen in aanmer-
üng genomen, konden de geobserveerde veranderingen nu aan hemodynami-
sche interpretatie onderworpen worden. Een verlaging van de RI was het te 
verwachten resultaat van een verlaging van de perifere vaatweerstand. De 
veranderingen in Tmax, echter, moeten, naar analogie van de bevindinger 
van de simulaties, gezien worden als het resultaat van veranderingen in de 
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impedantie (vooral bestaande uit de radius en de vaatwandelasticiteit) van de 
onderzochte arterie. 
Doppler spectrum analyse tijdens acute nierinsufficiëntie na transplantatie. 
Klinische studies met Doppler spectrum analyse werden verricht in een serie 
opeenvolgende niertransplantaties. Doppler spectra verkregen op de eerste dag 
na transplantatie bleken de conditie van de getransplanteerde nier onmiddel-
lijk na de transplantatie weer te geven. Transplantaten van levende familiedo-
noren, onmiddellijk functionerende post-mortale donomieren en nieren met 
acute nierinsufficiëntie na transplantatie (Acute Renal Failure; ARF) toonden 
significante verschillen in Doppler spectra. De gevonden verschillen in 
Doppler spectra duiden op verschillen in renale vaatweerstand, waarschijnlijk 
veroorzaakt door vaatvernauwing en/of intima-oedeem. Het mag worden 
verwacht dat de gevonden verschillen verminderen of verdwijnen wanneer de 
nierfunctie in de verschillende groepen in de loop van de tijd vergelijkbaar 
wordt. In transplantaten die ten prooi vallen aan een afstotingsreactie, kan de 
normalisering van het Doppler spectrum gestoord zijn. Het onderzoek toonde 
inderdaad aan dat de transplantaten met een hoog risico van afstoting tijdens 
ARF geïdentificeerd konden worden met Doppler spectrum analyse. Op de 
vijfde dag na transplantatie hadden de Doppler spectra van deze nieren nog 
steeds een verhoogde RI en (vaker nog) een verkorte Tmax. Echo-Doppler 
onderzoek tijdens acute nierinsufficiëntie na een niertransplantatie lijkt een 
bruikbare methode om patiënten met een hoog risico voor afstoting te 
identificeren. 
Doppler spectrum analyse tijdens nierdysfunctie. Doppler spectra verkregen 
tijdens perioden van nierdysfunctie, die retrospectief beoordeeld werden als 
veroorzaakt door CyA-nefrotoxiciteit of door afstoting, toonden significante 
verschillen tussen deze twee groepen. Doppler parameters tijdens afstotingsre-
acties wezen op een verhoogde renale vaatweerstand, terwijl tijdens perioden 
van cyclosporine nefrotoxiciteit de acceleratietijd van het Doppler spectrum 
langer bleek. De hemodynamische effecten van de twee oorzaken van 
nierdysfunctie blijken dus te verschillen. De mogelijkheden om op basis van 
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deze verschillen in hemodynamische effecten onderscheid te maken tussen 
beide oorzaken bleken echter beperkt In ongeveer de hein van de perioden 
waarin een afstotingsreactie verantwoordelijk was voor de nierdysfunctie, 
werden waarden in Doppler parameters gevonden die in de groep met 
cyclosporine-nefrotoxiciteit vrijwel niet voorkwamen. Deze veranderingen 
waren vaak enkele dagen voordat de diagnose afstoting klinisch daadwerke-
lijk gesteld werd, waarneembaar. Een normaal Doppler spectrum sluit een 
afstotingsreactie echter niet uit. Het onderzoek van niertransplantaten met 
echo-Doppler tijdens perioden van nierdysfunctie, vooral wanneer de klini-
sche diagnostiek moeilijk blijkt, kan op deze gronden gezien worden als een 
waardevolle aanvulling aan het beschikbare diagnostisch arsenaal. 
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